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 Abstract 
 

 Over the past 15 years, ruthenium-catalyzed olefin metathesis has emerged as a cornerstone 

synthetic methodology in academia. Applications in fine-chemicals and pharmaceutical 

manufacturing, however, are just beginning to come on stream. Industrial uptake has been 

impeded by economic constraints associated with catalyst costs. These are due both to direct 

costs (exacerbated by intellectual property issues), and to further pressure exerted by the low 

turnover numbers attainable, and the need for extensive purification to remove ruthenium 

residues.  

 From another perspective, however, these difficulties can be seen as arising from our 

rudimentary understanding of the fundamental organometallic chemistry of the Ru=CHR bond. 

In particular, we know little about the nature and reaction pathways of the Ru-methylidene unit 

present in the active species that propagates metathesis, and in the catalyst resting state. We 

know slightly more about the ruthenacyclobutane species, but still too little to guide us as to their 

non-metathetical reaction pathways, their contribution to deactivation relative to the methylidene 

species, and potential work-arounds. 

 This thesis work was aimed at improving our understanding of the reactivity, speciation, and 

decomposition of key ruthenium intermediates in olefin metathesis. A major focus was the 

behaviour and deactivation of species formed from the second-generation Grubbs catalyst 

RuCl2(H2IMes)(PCy3)(=CHPh) (S-GII), which dominates ring-closing metathesis. Also studied 

were derivatives of the corresponding IMes catalyst A-GIIm, containing an unsaturated N-

heterocyclic carbene (NHC) ligand. 

 The methylidene complexes RuCl2(NHC)(PCy3)(=CH2) (GIIm) represent the resting state of 

the catalyst during ring-closing and cross-metathesis reactions: that is, the majority Ru species 

present during catalysis. Mechanistic studies of these key intermediates have been restricted, 

however, by the low yields and purity with which they could be accessed. Initial work therefore 

focused on designing a clean, high-yield route to the second-generation Grubbs methylidene 

complexes S-GIIm and A-GIIm. These routes were subsequently expanded to develop access to 

isotopically-labelled derivatives. Locating a 13C-label at the key alkylidene site, in particular, 

offers a powerful means of tracking the fate of the methylidene moiety during catalyst 

deactivation. 
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 Access to GIIm enabled detailed studies of the behaviour and decomposition of the Grubbs 

catalysts. First, the long-standing question of the impact of saturation of the NHC backbone (i.e. 

IMes vs. H2IMes) was examined. Dramatic differences in the behaviour of the two complexes 

were traced to profound differences in PCy3 lability arising from the diminished π-acidity of the 

IMes ligand. Secondly, the vulnerability of GIIm to nucleophiles was examined. This is an 

important issue from the perspective of decomposition by adventitious nucleophiles in the 

reaction medium during catalysis, but also reflects on substrate scope. For amine additives, the 

dominant deactivation pathway was shown to typically involve attack on the resting-state 

methylidene complex, not the metallacyclobutane, which has often been regarded as the most 

vulnerable intermediate. In addition, the sigma-alkyl intermediate formed by nucleophilic attack 

of displaced phosphine at the methylidene carbon was trapped by moving to the first-generation 

complex, and using a nitrogen donor (pyridine) that cannot promote decomposition via N–H 

activation pathways. Interception of this long-suspected species led to the proposal of “donor-

induced” deactivation as a general decomposition pathway for Grubbs-class catalysts.  

 Finally, the capacity of phosphine-free catalysts to overcome the shortcomings of the second-

generation Grubbs catalysts was demonstrated, in a case study involving application of cross-

metathesis (CM) to the synthesis of a high-value antioxidant. An efficient CM methodology was 

developed for the reaction of renewable essential-oil phenylpropenoids with vinyl acrylates. This 

work illustrates a new paradigm in sustainable metathesis. Rather than degrading unsaturated 

feedstocks via metathesis (a process that can be termed  “metathe[LY]sis”), it demonstrates how 

metathesis with directly-functionalized olefins can be used to augment structure and function.  

 From the perspective of organometallic chemistry and catalyst design, key comparisons built 

into this thesis are the effect of the NHC ligand (IMes vs. H2IMes) and its trans ancillary ligand 

on the efficient entry into catalysis; the susceptibility to nucleophilic attack of the alkylidene 

ligand (benzylidene vs. methylidene) vs. the metallacyclobutane; and the effect of replacing a 

phosphine ancillary ligand with a non-nucleophilic donor.  

 From a practical standpoint, Chapter 2 brings new life to metathesis with the high-yield 

synthesis of the resting state species, Chapters 3 and 4 examine the deactivation, or death, of the 

methylidene complexes, and Chapter 5 establishes a new paradigm for olefin metathesis within 

the context of sustainable synthesis. 
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Chapter 1. Introduction 

A core objective in chemical synthesis is the development of energy-efficient methods for 

the assembly or elaboration of carbon skeletons. Increasing pressure on both energy and 

resource reserves has been a trend worldwide over the past 40 years, with particularly 

dramatic changes in the last decade. The opportunity to address issues of sustainability has 

inspired many researchers to explore new horizons in homogenous catalysis. Simultaneously, 

related demands and new opportunities in the fine-chemicals and pharmaceutical sectors 

have driven adoption of the resulting methodologies in chemical manufacturing.1 

Advances in homogeneous catalysis have been recognized with the Nobel Prize in 

Chemistry no less than three times in the past 15 years (Scheme 1.1). The 2001 Nobel Prize 

was awarded for the development of asymmetric catalysis: to William Knowles2 and Ryoji 

Noyori,3 for asymmetric hydrogenation, and Barry Sharpless,4 for asymmetric oxidation. 

Yves Chauvin,5 Robert Grubbs,6 and Richard Schrock7 were honoured in 2005 for their 

development of olefin metathesis for organic chemistry. In 2010, Richard Heck, Ei-ichi 

Negishi,8 and Akira Suzuki9 were recognized for the development of Pd-catalyzed cross-

couplings for organic synthesis. These awards testify to the importance of homogeneous 

catalysis among the forefront scientific developments of the past two decades. They also 

underscore the capacity of homogeneous catalysis to transform practice in synthetic organic 

chemistry and, ultimately, chemical manufacturing.  

 
Scheme 1.1. Summary of the advances in homogeneous catalysis that have been recognized 
by Nobel Prizes. 

H2
OH OHO[O]

Hydrogenation Epoxidation

+ +
2005: 
Olefin 
metathesis

Heck Negishi Suzuki
X + X + ZnX' BY2 + X

2010: 
Cross-
coupling

2001: 
Chiral 
catalysis
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Outlined below are the major developments in catalyst design for which these Nobelists 

were recognized, and examples of leading “active pharmaceutical ingredients” (APIs) that 

are accessible as a result of their advances. Where possible, studies are cited that describe the 

challenges associated with translation of the catalytic methodologies from the lab bench to 

industrial manufacturing processes. Underlying many of these challenges – turnover 

numbers, reaction rates / throughput time, and purification – is the economic necessity of 

bringing catalyst costs into line with the price that the market will bear for the final product.10 

(The flip side of this issue is the growing controversy over pharmaceutical pricing, and the 

tension between drug companies and health insurers over escalating prices for breakthrough 

therapies. If the potential of new catalytic methodologies is to be realized, however, it is 

essential to amortize costs for products that occupy accessible pricing regimes). 

Hydrogenation, cross-coupling, and metathesis will be treated below in order of their 

adoption in fine chemicals and pharma, rather than according to the Nobel chronology. A 

common feature shared by hydrogenation and cross-coupling catalysis, which expedited their 

implementation in process chemistry, is the regeneration of the active site (a metal-bound 

hydride or alkyl) in every catalytic cycle. This is not the case for olefin metathesis, in which 

the active site must be conserved between cycles; that is, loss of alkylidene corresponds to 

loss of metathesis activity. This enhanced vulnerability reinforces the need to understand and 

address the organometallic pathways that lead to catalyst inhibition and deactivation. 

1.1. Asymmetric Catalysis: Development and Industrial Uptake 

 In the 1950s, Arvid Carlsson at the University of Lund demonstrated that dopamine 

functions as a neurotransmitter in the brain, and that administering its metabolic precursor L-

DOPA (Scheme 1.2a) could relieve Parkinson’s-like symptoms in animals.11 L-DOPA 

rapidly emerged as a drug target for the clinical treatment of Parkinson’s disease, and indeed 

continues to be the gold standard for therapy.12 More broadly, this advance crystallized 

awareness of the high sensitivity of biology to chirality. This awareness was soon reinforced 

by revelations of the devastating side effects of the sedative thalidomide (Scheme 1.2b), in 

which one enantiomer was widely believed† to carry the desired therapeutic effect, with the 

                                                
† In fact, the two enantiomers exhibit equivalent teratogenic potential in some animal models, and chiral 
inversion is rapid in humans.  
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other being a potent teratogen.13 The therapeutic implications were not lost on pharma, but 

the challenge for decades remained the development of efficient chemical methods for the 

synthesis of single-enantiomer drugs. 

 
Scheme 1.2. Examples of the importance of chirality in biology: (a) L-DOPA, (b) 
Thalidomide. 

 Work by Knowles, Horner, Kagan and others in the 1970s demonstrated that metal 

catalysts bearing a chiral phosphine ligand could transfer chirality to a non-chiral 

substrate,14,15 and laid the foundation of the field of asymmetric catalysis. At Monsanto, 

Knowles applied these insights to the synthesis of L-DOPA itself, and developed an efficient 

rhodium-catalyzed route to the drug via asymmetric hydrogenation of dehydroamino acids.2 

This led to the first industrial process for asymmetric hydrogenation (Scheme 1.3): it also 

stimulated worldwide interest in the phenomenon and potential of asymmetric catalysis as a 

route to chiral compounds. An enabling advance on which the Knowles methodology relied 

was the development of the first highly enantioselective chiral phosphine ligand, DiPAMP. 

The scope of the Rh-DiPAMP catalyst was limited, however, and only enamides (that is, 

dehydroamino acids) were reduced with high enantioselectivity.  

L-DOPA

HO
OH

COOH
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NH2
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O O
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N
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O

O O
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Scheme 1.3. Asymmetric hydrogenation in the synthesis of L-DOPA. 

 In subsequent work in the 1980s, Noyori developed the atropisomeric BINAP ligand, 

which expanded the scope of asymmetric hydrogenation to permit efficient H2-

hydrogenation of other privileged C=C bonds, as well as transfer hydrogenation of both 

functionalized and unfunctionalized ketones.16 A further asset of the Noyori catalysts, from a 

manufacturing perspective, was the move to ruthenium in place of rhodium. Ruthenium is 

the cheapest of the platinum group metals, and is historically less subject to market volatility 

(Figure 1.1). Rhodium is the most costly of the precious metals, routinely trading at 20 to 30 

times the price of ruthenium (and reaching a high of over $10,000 USD per ounce at the 

height of the 2008 financial crisis). Indeed, for the Noyori-class catalysts, ligand costs 

contribute more to catalyst prices than the metal. The functionalized BINAP ligand accounts 

for 7% of the Aldrich price of RuCl2[(R)-2,2’-bis[di(3,5-xylyl)phosphino]-1,1’-

binaphthyl][(1R,2R)-1,2-diphenylethylenediamine], for example, vs. 1% for the ruthenium 

content. 

MeO
AcO

COOH

NHAc
 

[Rh(DiPAMP)(COD)]BF4
H+

L-DOPAP

P
OMeMeO

(R,R)-DiPAMP

MeO
AcO

COOH

NHAc

HO
OH

COOH

NH2H2
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Figure 1.1 Johnson-Matthey base prices for the platinum group metals over the period 1999-
2014. Averages (US dollars): $2,319 (Rh); $1,136 (Pt); $491 (Ir); $469 (Pd); $153 (Ru).17 

The Noyori hydrogenation catalysts and their descendants have seen extensive use in 

pharmaceutical and fine-chemicals manufacturing, including in the production of 

enantiopure agrochemicals (Table 1.1).18,19 Two notable examples from pharma are 

illustrated in Scheme 1.4: the synthesis of a chiral precursor to the antibiotic Levofloxacin,3 

and the final step in the synthesis of Naproxen, one of the leading non-steroidal anti-

inflammatory drugs (NSAID) in current use.20  

Table 1.1. Selected examples of catalytic hydrogenation in pharma and fine chemicals 
processes.18 
Process Scale Target Company 

Production Penem antibiotics  Takasago 

Production Ofloxacin intermediates Takasago 

Production Aliskiren building block  Solvias, DSM, BASF 

Production Adrenaline, Phenylephrine  Boehringer-Ingelheim 

Production  Citronellol  Takasago, Roche 

Production (+)-cis-Methyl Dihydrojasmonate  Firmenich 

Production S-Metolachlor  Ciba-Geigy/Novartis/Solvias  

Pilot R-3,5-Bis-trifluoromethylphenyl Ethanol  Solvias/Rohner, Merck 

Pilot Taranabant intermediates  Merck 
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Scheme 1.4. Asymmetric hydrogenation of carbonyl and olefinic bonds enabled by a Noyori 
catalyst in pharma: (a) Levofloxacin, (b) Naproxen. Inset shows the atropisomeric BINAP 
ligands. 

In parallel work, Sharpless developed titanium catalysts for converting allylic alcohols to 

chiral epoxides. Here an optically pure dialkyl tartrate auxiliary was used to transfer 

asymmetry in the enantioselectivity-determining step. The first industrial synthesis using this 

technology, implemented by Arco Chemical for the conversion of allyl alcohol to (R)- and 

(S)-glycidol (Scheme 1.5), was disclosed in 1990.21 Sharpless also developed osmium-

mediated asymmetric aminohydroxylation and dihydroxylation reactions, which convert 

alkenes into chiral amino-alcohols or diols, respectively. In both of these reactions, the origin 

of asymmetry is a chiral amine pro-ligand, which also accelerates the reaction of osmium 

tetroxide with alkenes. The cinchona alkaloid–OsO4 system, in particular, was a 

breakthrough that revolutionized asymmetric dihydroxylation.22 
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Scheme 1.5. Arco route to (R)- and (S)-glycidol using the Sharpless epoxidation.  

1.2. Cross-Coupling: Development and Industrial Uptake 

 Recent reviews by Sigman,23 de Vries,10 and Snieckus24 describe applications of Pd-

catalysed coupling in the pharmaceutical, agrochemical and fine chemicals industries. The 

first palladium-catalyzed cross-coupling reactions were reported in 1968 by Heck at Hercules 

Corp.24 The stoichiometric organomercury compounds originally required to generate the Pd-

alkyl intermediates were rapidly supplanted by aryl halides, with the discovery that these 

oxidatively add to palladium.25 This culminated in the development of the Heck (or 

Mizoroki-Heck) reaction for coupling organohalides and alkenes. A showcase application in 

pharmaceutical synthesis is Merck’s synthesis of Singulair (Scheme 1.6a).26 Insights into 

challenges in the implementation of this chemistry appear in a report from Pfizer describing 

the synthesis of a hepatitis C protease inhibitor on 40-kg scale (Scheme 1.6b).27  

 
Scheme 1.6. Use of the Heck reaction in synthesis of APIs: (a) en route to Singulair, (b) en 
route to a Hepatitis C polymerase inhibitor. 
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 In 1977, Negishi and Jutand reported the first cross-coupling using zinc reagents. The 

Negishi reaction is unique in its scope, enabling coupling of sp-, sp2-, and sp3-hybridized 

carbon centers. A report from Novartis describes implementation of the Negishi reaction on 

pilot-plant scale to support Phase 1 clinical trials of the asthma drug candidate PDE472 

(Scheme 1.7).28 

 
Scheme 1.7. Negishi reaction used in the Novartis synthesis of PDE472 on pilot-plant scale. 

 In 1979, Suzuki reported the cross-coupling of organoboranes and organohalides. 

Advantages of the Suzuki reaction in the industrial context are the stability and low toxicity 

of organoboranes and their inorganic by-products. The Suzuki coupling reaction was 

implemented by Merck in the early 1990s for manufacturing of the antihypertensive drug 

Losartan.10 It is now widely used in the commercial production of APIs and agrochemicals: 

indeed, the fungicide Boscalid, brought to market by BASF in 2002, is manufactured in what 

is regarded as the world’s largest Suzuki process (1,000 tons/year). Technical challenges 

associated with the 80 kg-scale production of CI-1034, a clinical candidate for treating 

pulmonary hypertension, appear in a Pfizer report (Scheme 1.8).29 
 

 
Scheme 1.8. Suzuki reaction used in production-scale synthesis of antihypertensive drug 
candidate CI-1034. 

1.3. Olefin Metathesis: Development and Industrial Uptake  

 Olefin metathesis is the child of industry, and one of its earliest examples emerged in a 

1955 DuPont patent filing.30 This described a process for ring-opening metathesis 

polymerization (ROMP; see later) of the strained bicyclic olefin norbornene. The active 
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catalyst was generated in situ by reaction of TiCl4 with a reducing agent (EtMgBr or 

LiAl(C4H9)4). Metathesis processes based on related, structurally ill-defined but highly active 

catalyst systems rapidly found further industrial application.31 In a major advance, Royal 

Dutch Shell exploited this new “olefin-shuffling” methodology to manipulate the olefin 

stream obtained from ethylene oligomerization. A broad range of linear internal olefins is 

generated in the Shell Higher Olefin Process (SHOP) process, from which the desired chain 

lengths are collected and the undesired fractions recycled for isomerization and re-subjection 

to metathesis.32 Despite the significance of these developments, the catalysts used are limited 

in their tolerance for oxygen-containing or protic functionalities. The field of metathesis was 

transformed by the development of molecular metathesis catalysts, particularly those based 

on the less oxophilic late transition metal ruthenium.33 

 An enabling advance in the synthesis of well-defined metathesis catalysts was Chauvin’s 

mechanistic work, which revealed the key structural features required. In his seminal 1971 

paper, Chauvin proposed that metathesis proceeds via metal alkylidene and 

metallacyclobutane species, which enable a series of [2+2] cycloaddition and cycloreversion 

steps (Scheme 1.9).34  

 
Scheme 1.9. The Chauvin mechanism of cycloaddition and cycloreversion for olefin 
metathesis.  

The first well-defined metathesis catalysts followed soon after, with Schrock’s pioneering 

synthesis of first tantalum,35 and subsequently tungsten36 and molybdenum37 catalysts 

(Figure 1.2a). A key step toward industrial utilization of the molecular metathesis catalysts 

came with Grubbs’ development of more robust and, critically, easily-handled catalysts 

based on ruthenium (Figure 1.2b).38-41 
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Figure 1.2. Key developments in the synthesis of metathesis catalysts containing (a) Group 5 
and 6; (b) Group 8 transition metals. 

 At the time the Nobel Prize was awarded, Boehringer-Ingelheim had begun a pioneering 

program aimed at using RCM for the key macrocyclization step in the synthesis of a 

Hepatitis C virus (HCV) inhibitor, Ciluprevir (Scheme 1.10).42 Refinements continued over 

the next decade, and the key RCM macrocyclization was performed on pilot scale (up to 20 

kg at a time) to support clinical trials. While Ciluprevir was ultimately withdrawn from 

Phase 1 clinical trials due to its cardiac toxicity, this work spurred intensive research into 

other macrocyclic peptidomimetics as HCV inhibitors (and indeed for the treatment of other 

viral infections, including the human immunodeficiency virus, HIV).43-45 Related 

applications of metathesis in fine chemicals and pharma have now begun to emerge. It will 

be noted that implementation of metathesis methodologies in these contexts has proceeded  

much more slowly than hydrogenation or cross-coupling. Reasons for this lag are discussed 

below, following a brief overview of Ru-catalyzed olefin metathesis, and of the active 

species generated in various metathesis manifolds. 
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Scheme 1.10. The key RCM step in the Boehringer-Ingelheim synthesis of the 
peptidomimetic drug Ciluprevir (BILN 2061). 

1.4. Ruthenium-Catalyzed Olefin Metathesis 

 The active species in olefin metathesis is a four-coordinate alkylidene complex (Scheme 

1.11). Ruthenium precatalysts, however, are almost invariably five-coordinate, being 

stabilized by a donor ligand that serves as a placeholder for incoming olefin. Initiation by 

ligand loss46 is thus commonly the first step in olefin metathesis. (In a variant on this 

dissociative pathway, some catalysts initiate via an associative pathway involving prior 

coordination of substrate, and subsequent loss of the placeholder ligand).47 

 Irrespective of initiation mechanism, the first cycle of catalysis involves shuffling of the 

alkylidene substituent (typically a phenyl or aryl group) with substituents present on the 

olefinic bonds of the substrate. Metathesis cycling continues until the initially-displaced 

donor ligand successfully competes with olefin for binding to the metal, thus regenerating a 

five-coordinate, off-cycle species. The latter is the thermodynamic resting state, and builds 

up over time until it is the dominant ruthenium species present (Scheme 1.11). 

Understanding the deactivation chemistry of the resting-state species is thus crucial to 

understanding catalyst decomposition during catalysis. 
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Scheme 1.11. Chauvin mechanism for olefin metathesis, illustrated by cross-metathesis of a 
terminal alkene with a Grubbs-class catalyst. Off-cycle species are shown in blue. 

1.5. Types of Metathesis Reactions 

 Olefin metathesis comprises a family of related reactions (Scheme 1.12–Scheme 1.14). 

The cross-metathesis (CM) reaction illustrated below is the intermolecular variant, which 

under non-ideal circumstances leads to a statistical mixture of all olefin substitution patterns 

(Scheme 1.12). General rules for controlling the selectivity of CM reactions have been 

outlined by Grubbs.48 These rest on (a) a mismatch in reactivity between the reacting olefins, 

and (b) use of a catalyst with suitably curtailed reactivity. For example, a terminal olefin can 

often be selectively coupled with styrene using GII. Because CM lacks strong drivers that 

promote selectivity, it has seen relatively little industrial uptake in target-oriented synthesis, 

although its importance in the commodity SHOP process was noted above. 

 
Scheme 1.12. Cross-metathesis reactions mediated by a Ru-methylidene intermediate.  

 Ring-closing metathesis (RCM) is by far the most important application of metathesis in 

the production of specialty chemicals and APIs.32c Here metathesis involves the 

intramolecular coupling of two olefinic sites in a diene. Cyclization competes with 

intermolecular metathesis (often termed acyclic diene metathesis, ADMET). In either case, a 

by-product is liberated: this is typically ethylene, the volatility of which helps drive the RCM 

reaction to completion. For macrocyclic or medium-sized rings, which are overwhelmingly 
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targeted in medicinal and fine-chemicals applications, high dilutions are normally required to 

favour RCM over oligomerization in the ring-chain equilibrium depicted (Scheme 1.13).49,50 

The concentration-dependence of such equilibria have been recognized for more than 60 

years.  

 
Scheme 1.13. (a) Simplified depiction of RCM, showing the Ru-methylidene intermediate. 
(b) Competing inter- and intramolecular metathesis, resulting in concentration-dependent 
formation of RCM or ADMET products. 

 In some instances, macrocyclic targets are conformationally restricted, and can be 

accessed at higher concentrations. A case in point is the tripeptide scaffold of Ciluprevir, 

which (after extensive optimization) could be obtained at substrate concentrations as high as 

200 mM.45 More typically, however, high dilutions are required. Indeed, this is a major 

difference between RCM and CM reactions, which otherwise proceed via identical inter- 

and/or intramolecular steps, and share many fundamental challenges. The requirement for 

high dilutions to favour cyclization over chain growth is a major issue for two reasons.50 

First, the added solvent costs add to the net economic burden on scale. Solvent consumption 

is already a major cost driver for pharmaceutical manufacturing gross margins, and an 

important indirect contributor via process costs for disposal.1 Secondly, the slower rate of 

RCM reactions enables competing deactivation. In a recent comprehensive review, we 

summarized these and other obstacles and opportunities in the RCM assembly of cyclic 

olefins.51 

While high-value specialty processes are the focus of this thesis, it should be noted that 

ADMET polymers are also of interest, and their formation can be favoured by carrying out 

diene metathesis at molar concentrations. Greater control over polymer molecular weights 

and microstructure, however, is attainable via ring-opening polymerization (ROMP). ROMP 

reactions are propagated by an alkylidene species (Scheme 1.14), which is less prone to 
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deactivation than the methylidene species that enable CM and RCM processes. Specialty 

metathesis reactions that go beyond the scope of this thesis involve enyne metathesis  (that 

is, alkene-alkyne coupling) and cyclopolymerization (alkyne-alkyne coupling). These 

processes generate molecular or polymeric 1,3-conjugated dienes. Both are carried by a 

conjugated alkylidene as the active species.52,53 

 
Scheme 1.14. Comparison of ADMET and ring-opening metathesis polymerization 
(ROMP). Variations in polymer microstructures and chain lengths are not depicted. 

1.6. Commercially Available Pre-Catalysts 

 In contrast with rhodium and palladium catalysis, which frequently tolerate in situ catalyst 

generation, “prefabricated” catalysts are normally required in ruthenium chemistry. This is 

especially true for metathesis, in which installation of the alkylidene ligand is the major 

synthetic challenge.54 The dominant catalysts in current use for olefin metathesis typically 

contain an N-heterocyclic carbene ligand (NHC; see GII in Table 1.2). These “second-

generation” catalysts exhibit considerably higher activity than the original Grubbs catalyst 

GI, which contained two PCy3 ligands. The difference is due in part to the higher 

“commitment” of the four-coordinate intermediate that carries catalysis: that is, its kinetic 

bias toward reaction with olefin, in preference for re-coordination of the ancillary ligand.46 

While the second-generation Grubbs catalysts exhibit slower initiation, and loss of the PCy3 

ligand is rate-limiting,46,55 they are much more reactive than GI, and exhibit a broader 

substrate scope in consequence.  
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Table 1.2. Kinetic Distinctions between First- and Second-Generation Grubbs Catalysts. 

 

 The ligand sets present in the prototypical Grubbs complexes have undergone much fine-

tuning, and a 2010 review described more than four hundred ruthenium metathesis 

catalysts.56 The ancillary ligand trans to the NHC group (a placeholder for incoming olefin) 

has been varied to modulate initiation rates.46,57-59 The anionic ligands have also been varied, 

if less extensively: early work from the Fogg group explored such modifications with the 

intention of reducing the susceptibility to deactivation pathways.60-63 By far the greatest 

amount of effort, however, has gone into tuning the NHC ligand to increase activity: the 

capacity to generate bulky, tetrasubstituted olefins and Z-olefin products have seen much 

interest.64-67 Chiral NHC ligands have also been incorporated, with the goal of conferring 

enantioselectivity.68-71 The alkylidene ligand has also been modified, largely in the course of 

developing alternative synthetic routes to active catalysts that circumvent the intellectual 

property restrictions associated with the benzylidene catalysts.58,72-74 Additional modification 

to achieve solid support and to improve catalyst removal have received significant 

attention.63,75,76 A recent review lists 46 commercially available catalysts of the second-

generation type as of December 2013.32a Despite this very large number of pre-catalysts, 

however, only modifications at the X or NHC ligands alter the active species. In many cases 

(Figure 1.3), different pre-catalysts funnel into the same active species. It should also be 

noted that despite the large number of catalysts available, S-GII is by far the dominant 

system used in RCM. 
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Figure 1.3. Many commercially available second-generation ruthenium metathesis catalysts 
ultimately lead to the same active species during catalysis. 

1.7. Molecular Metathesis Comes of Age 

  Ring-closing metathesis, and particularly metathesis macrocyclization, is of keen 

interest in pharmaceutical manufacturing. The classic example cited for the last decade has 

been the Boehringer-Ingelheim synthesis of Ciluprevir, a protease inhibitor for Hepatitis C 

Virus (HCV) that was ultimately withdrawn from Phase 1 clinical trials due to cardiac 

toxicity.42,77 More recently, significant attention has focused on the development of stapled 

peptides by Aileron Technologies.78 Stapled peptides incorporate metathesis-active olefinic 

amino acids into the peptide sequence: subsequent cyclization enforces an alpha-helical 

conformation in the peptide, which increases its cell permeability. 

 Both of these examples, however, pale in comparison to Simeprevir. This HCV protease 

inhibitor, co-developed by Medevir and Janssen Pharma (a subsidiary of Johnson & 

Johnson), bears a structural resemblance to Ciluprevir, and likewise utilizes RCM to generate 

the key macrocyclic structure (Scheme 1.15).79 Having successfully passed clinical trials, 

Simeprevir was approved by the regulatory agencies of Japan (September 2013), the US 

(November 2013), and in Canada (November 2013). Approval in the EU and elsewhere 
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followed. Market uptake greatly exceeded projected sales:  blockbuster status (annual sales 

of at least $1B USD) was reached by the second quarter of 2014, with sales approaching $2B 

by the end of Q3.80 

 
Scheme 1.15. RCM macrocyclization step in the synthesis of the breakthrough HCV 
inhibitor Simeprevir. 

 Breakthroughs in the industrial implementation of cross-metathesis have also emerged 

over the past year. These have been spearheaded by Elevance Renewable Sciences, created 

in 2007 as a joint venture between the metathesis catalyst company Materia (which holds the 

intellectual property for the Grubbs and Schrock catalysts, among many others: see Figure 

1.3) and agribusiness giant Cargill. Elevance was established with the mandate of applying 

Materia’s metathesis technology to the valorization of renewable feedstocks, particularly 

palm, soybean, and rapeseed oils. Metathesis “cracking” of the unsaturated oils affords 

desirable specialty olefins and oleochemicals, including C16-C18 fatty esters, and 

difunctional C10-C15 fatty ester building blocks. 

 In 2013, Elevance announced the commissioning of its first bio-refinery in Gresik, 

Indonesia, in a joint venture with Asian agribusiness leader Wilmar International. Although 

shipment scales were not disclosed, annual production capacity is reportedly 180 000 MT. 

First shipments were announced in July 2013, and a series of specialty products followed in a 
period of rapid commercial deployment in 2014. Novel product lines introduced to date 

include high-performance surfactants (Steposol MET-10U, a joint development with Stepan), 

and other degreasing solvents and lubricants. Additional bio-refineries are under 

development in Natchez, Mississippi and Lahad Datu, Malaysia.  

 The challenge lies in establishing profitability with the much narrower margins associated 

with these targets, relative to new blockbuster drugs. Nevertheless, the influential industry 
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analyst Biofuels Digest, which has monitored Elevance since its 2011 IPO,81 delivers a 

trenchant but positive assessment: “Investors will need to see a bunch of these applications in 

order to use the capacity built out at Gresik — but, an impressive win if the company has 

correctly targeted a sizable niche market where it can hit the price [and] performance mark 

with sustainable attributes.”82 

 This returns us to the issue of economics. The high net costs of RCM are recouped in the 

case of Simeprevir by the high prices that can successfully be charged for breakthrough 

therapies (an issue of extreme controversy in both first-world and developing economies).83 

The US launch price for 12 weeks of treatment with Simeprevir is reportedly $66,000 

(USD).84 In the case of Elevance, profitability remains to be established, but the presence of 

Materia as a parent company limits exposure to catalyst costs. If the potential of metathesis is 

to be realized more broadly, however, direct and indirect catalyst costs must come down. 

Here an improved understanding of the underlying organometallic chemistry has a key part 

to play. 

1.8. Scope of This Thesis 

 As noted above, the need to retain the active site throughout the catalytic cycle 

differentiates olefin metathesis from other catalytic processes, and deactivation pathways that 

result in loss of the alkylidene are typically irreversible.85-88 Because loss of the alkylidene 

entity means loss of metathesis activity, understanding and preventing such deactivation 

pathways is critical to achieving high turnover numbers (TON) and process economy.  

 A major impediment to the industrial uptake of olefin metathesis has been the low 

turnover numbers, high catalyst costs, and the need for extensive purification to remove 

ruthenium residues. Ruthenium methylidene species are the most abundant, but also the most 

vulnerable, alkylidene intermediate in the catalytic cycle. While early results pointed toward 

the importance of studying and understanding the fundamental organometallic chemistry 

involved in deactivation, the technical challenges were significant. Studies of the 

methylidene complexes – and particularly key second-generation methylidene complexes – 

were restricted by the absence of a high-purity, high-yield route to these species. This 

problem is addressed in Chapter 2, as a prerequisite for subsequent mechanistic studies. 

Chapter 3 uses the methylidene complexes to examine the impact of switching from a 

saturated to an unsaturated N-heterocyclic carbene. This is a long-standing question in olefin 
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metathesis, with significant implications for catalyst design. Chapter 4 examines the role of 

adventitious nucleophiles in Grubbs-catalyzed olefin metathesis reactions. Finally, Chapter 5 

examines the potential for the Hoveyda-type catalyst to overcome the shortcomings of the 

second-generation Grubbs catalyst identified in Chapters 3 and 4 for a commercially relevant 

cross-metathesis reaction.  

 From a catalyst design point of view, key comparisons built into this thesis are the effect 

of the NHC ligand (IMes vs. H2IMes: Chapter 3), the effect of the alkylidene (benzylidene 

vs. methylidene vs. metallacyclobutane: Chapter 4), and the effect of the ancillary ligand (S-

GII vs. S-HII: Chapter 5). From a practical standpoint, Chapter 2 brings new life to 

metathesis with the high-yield synthesis of the resting-state species, Chapters 3 and 4 

examine the deactivation, or death, of the methylidene complexes, and Chapter 5 establishes 

a new paradigm for olefin metathesis within the context of sustainable synthesis. 
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Chapter 2. Designing Routes to Catalysts and Intermediates Required for 

Subsequent Mechanistic Studies 

2.1. Context, Objectives, and Overview of Content 

 As noted in the preceding Chapter, the second-generation Grubbs catalyst GII is the 

dominant catalyst currently used for RCM reactions. A clear mechanistic picture of its 

operation is thus important, and a number of studies have examined, for example, the 

initiation, commitment, and thermal robustness of the benzylidene precatalyst.1-3 Less 

studied, though arguably more relevant to catalysis, is the methylidene derivative GIIm. The 

latter represents the resting state of the catalyst for any metathesis reaction involving a 

terminal olefin. That is, because GIIm is thermodynamically stable relative to both the 

benzylidene precatalyst GII, and other ruthenium species present in the catalytic cycle, its 

concentration builds up during metathesis.  

 Direct insight into GIIm-mediated catalyst deactivation is particularly desirable given 

evidence that the methylidene complexes are much less thermally robust than their 

benzylidene parents.1,4 Investigations of this point have been impeded, however, by the 

absence of a straightforward, high-yield route to GIIm. In consequence, prior to the 

advances described in this thesis, there were only two major experimental studies of the 

second-generation methylidene species (both from the Grubbs group).1,4,5 The first of these 

established that initiation (i.e. PCy3 dissociation) is much slower for GIIm than its 

benzylidene GII parent.1 The second reported a key thermal decomposition pathway for the 

methylidene complex GIIm, albeit in the absence of substrate.4,5 While these insights helped 

shape subsequent work in the field, a number of unanswered questions remain, particularly 

with respect to catalyst deactivation. Improved understanding is critical for researchers to 

design improved, “next-generation” catalysts, to establish guidelines for conditions that 

maximize catalyst productivity, and ultimately to develop rational strategies for recovery and 

recycling of spent catalyst post-metathesis (or indeed post-metathesis modification of spent 

catalyst; i.e. tandem catalysis by design). Unwanted tandem catalysis by catalyst deactivation 

products is also important, as product yields and selectivity can be eroded by adventitious 

chemistry catalyzed by spent catalyst. Fundamental to progress in this area is thus the 
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development of high-yield, high-purity routes to the second-generation methylidene 

complexes GIIm. Such routes are described in the first part of this chapter. 

 The second part builds on these advances to design high-purity routes to 13C-labelled 

benzylidene and methylidene complexes, for both first- and second-generation Grubbs 

catalysts. Here the goal was incorporation of a 13C-label at the key alkylidene site, to enable 

tracking of the alkylidene moiety. Despite the clear power of such labelled species to afford 

insight into catalyst initiation, speciation, and deactivation – and indeed, despite the 

demonstrated utility of isotopic probes in early mechanistic studies into metathesis6-8 – their 

synthesis has not previously been undertaken.  

 Both Parts 1 and 2 are published work. A final section covers advances not yet published, 

aimed at establishing routes to labelled S-GIIm that circumvent the requirement for costly 

labelled ethylene. 

2.1.1. Tables of Contents Entries (published work only) 

Targeting an Achilles Heel in Olefin Metathesis: A Strategy for High-Yield Synthesis of 

Second-Generation Grubbs Methylidene Catalysts. Justin A.M. Lummiss, Nicholas J. Beach, 

Jeffrey C. Smith, and Deryn E. Fogg.* Catal. Sci. Technol. 2012; 2, 1630–1632 (“Hot 

Article”). 

 

The first clean, high-yield route is presented to methylidene complexes 

RuCl2(L)(PCy3)(=CH2) (L = H2IMes or IMes, S-GIIm or A-GIIm respectively), key vectors 

for catalysis and deactivation in many olefin metathesis reactions.  

 Author Contributions: The manuscript was written by JAML and DEF. The H2IMes 

complex S-GIIm was synthesized and characterized by JAML. The aromatic IMes analogue 

A-GIIm was prepared by NJB, using analogous methods. JCS (Carleton University) 

identified impurities present in commercial H2IMes by electrospray mass spectrometry. 

JAML developed a protocol for their removal. 
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Isotopic Probes for Ruthenium-Catalyzed Olefin Metathesis. Justin A.M. Lummiss, Adrian 

G.G. Botti, Deryn E. Fogg.* Catal. Sci. Technol. 2014; 4, 4210–4218 (inside cover, “Hot 

Article”). 

 
 Routes are described to previously unreported first- and second-generation Grubbs 

metathesis catalysts bearing a 13C label at the key benzylidene or methylidene site. Improved 

syntheses of the 2H-labelled isotopologues are also presented. Labelling at the alkylidene 

position is important because it provides unique, direct information about changes at the 

active site of the catalyst, and the fate of the [Ru]=CHR ligand during catalyst deactivation. 

A case study demonstrates the power of 13C-labelling in tracking the methylidene moiety in 

amine-induced decomposition of the second-generation complex 

RuCl2(PCy3)(H2IMes)(=13CH2). Also reported is the solubility of ethylene in C6D6 and 

CD2Cl2, measured at 296 ±1.5K and 101.0 ±0.8 kPa. 

 Author Contributions: The manuscript was written by JAML and DEF; AGGB aided in 

establishing the relevant literature context, and wrote the experimental sections relating to 

the 2H-labelled complexes. All 13C-labelled experiments were performed by JAML; all 2H-

labelled experiments by AGGB. The solubility of ethylene in various solvents was measured 

by JAML.  

 

2.2. High-Yield Routes to the Grubbs Methylidene Complexes 

2.2.1. Introduction 

 The high activity and ease of handling of "second-generation" ruthenium metathesis 

catalysts (e.g. S-GII, A-GII; Figure 2.1) have greatly expanded the scope of olefin 

metathesis methodologies.9 Mounting industrial interest underscores the need for more 

PAPER
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detailed understanding of catalyst behaviour under planned conditions of implementation. 

Central in this context is the behaviour of the methylidene derivatives that represent the 

catalyst resting states in ring-closing metathesis (RCM) and cross-metathesis (CM) reactions 

of terminal olefins. These species have been identified as key vectors for both catalyst 

decomposition10,11 and metathesis. To date, difficulties encountered in synthesis of S-GIIm 

(vide infra), compounded by the poor initiation efficiencies characteristic of the second-

generation catalysts,1,12,13 have restricted direct study of these important intermediates.† Here 

we report the first clean, high-yield route to methylidene complexes S-GIIm and A-GIIm. 

 

 
 Figure 2.1. Metathesis catalysts discussed.  

 The literature route to S-GIIm (involving CM of benzylidene S-GII with ethylene at 50 

˚C; Scheme 2.1)1 affords the desired product in <40% yield, the balance being unidentified 

byproducts. The implied rapidity of decomposition is unexpected. The starting complex S-

GII has a reported half-life of >1 month in benzene at 55 °C,4 and while the 5.7 h half-life 

found4 for the methylidene target is much shorter, this still exceeds the 1.5 h timescale of the 

CM reaction by a considerable margin. Of note, however, is the accelerated decomposition 

observed for various Ru metathesis catalysts in the presence of ethylene.4,14-16 We suspected 

that the low yield of S-GIIm might originate in the vulnerability of intermediates formed 

during ethylene exchange, particularly four-coordinate RuCl2(H2IMes)(=CH2) (B, Scheme 

2.2), metallacyclobutane MCB, and – perhaps most susceptible14 – the unsubstituted 

metallacyclobutane formed via degenerate CM of GIIm with ethylene. 

                                                
† A rare exception involves a thermolysis study of GII=CH2 in benzene, see Ref (4). 
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 Scheme 2.1. Previously reported route to methylidene S-GIIm.  

 
 Scheme 2.2. Details of the synthetic sequence of Scheme 2.1 (L = H2IMes), highlighting the 
high-commitment nature of A and B (see text). A parallel sequence involves degenerate 
exchange of GIIm with ethylene via an unsubstituted metallacyclobutane analogous to 
MCB.  

 Kinetics studies by the groups of Grubbs1 and Chen2 indicate that four-coordinate A (L = 

H2IMes) reacts preferentially with olefin, rather than free PCy3 (a propensity that led Chen to 

classify the second-generation complexes as "high-commitment" catalysts).2 Indeed, this bias 

is one factor underlying the exceptional metathesis activity of the N-heterocyclic carbene 

(NHC) catalysts. In the present context, however, high commitment is detrimental: the bias 

toward reaction with ethylene results in competitive inhibition of the desired ligand 

exchange, and prolongs the time that the catalyst spends in its least stable, phosphine-free 

states. The thermal sensitivity of GII in the presence of ethylene4,14,15,16c (as in the synthesis 

shown in Scheme 2.1) is evidently much greater than that suggested by model studies in the 

absence of olefin. 

 The limitations intrinsic to ethenolysis led us to explore an alternative approach to the 

second-generation methylidene complexes, based on ligand exchange of GIm with free 

NHCs (H2IMes, IMes; Scheme 2.3). While this synthetic strategy may seem counter-

intuitive, given that the half-life of GIm (40 min at 55 °C in C6D6)10 is much shorter than 

that of GIIm, it is designed to exploit the low-commitment nature of the first-generation 

complex: that is, its propensity for rapid reaction with free PCy3
1,2 or, potentially, NHC 

donors. We considered that fast uptake of the Lewis base, coupled with elimination of the 
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vulnerable metallacyclobutane intermediate, could potentially improve reaction rates and 

yields. 

 

 
 Scheme 2.3. Ligand exchange route to second-generation methylidene complexes.  

2.2.2. Results and Discussion 

 Access to the first-generation methylidene complex GIm in high purity is a prerequisite 

for the planned approach. In our hands, the reported17 synthesis of GIm via CM with 

ethylene resulted in persistent contamination by residual GI, consistent with the equilibrium 

nature of this reaction.† Essentially quantitative conversions could be readily attained, 

however, by washing the crude product with pentane to remove styrene, and re-subjecting it 

to the ethylene treatment. We obtained GIm free of GI after the second pass, in an overall 

isolated yield of 85%. 

 With clean GIm in hand, we turned to installation of the H2IMes and IMes ligands. Earlier 

work described the efficiency with which A-GII can be obtained by treating GI with pure 

IMes.18-20 Use of isolated IMes, in preference to the in situ-generated carbene, greatly 

simplified workup and purification, as PCy3 was then the only adventitious species present at 

the end of reaction. Building on this precedent, we chose to use pure free IMes and H2IMes 

to synthesize the methylidene complexes of interest. The free carbenes are readily accessible 

via the established procedures,21,22 and are now also commercially available (Strem).  

 A potential complication in our intended use of GIm as a precursor for ligand exchange is 

the low room-temperature lability of the PCy3 ligand,1 which necessitates use of elevated 

temperatures. While both free H2IMes and free IMes show excellent thermal stability,‡ the 

vulnerability of GIm is evident from the discussion above. On heating a benzene solution of 

                                                
† In comparison, an equilibrium yield of just 20% GI=CH2 was reported on treating vinylalkylidene complex 
RuCl2(PCy3)2(=CHCH=CPh2) with 100 psi C2H4 at 50 oC in CD2Cl2. See Ref. (17). 
‡ 1H NMR experiments showed no decomposition of H2IMes or IMes over 10 h at 60 ˚C in C6D6, as indicated 
by integration against an internal standard. 
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GIm and free NHC at 60 °C, however, we found that ligand exchange out-competes 

decomposition. Thus, NMR-scale experiments in C6D6 revealed rapid formation of S-GIIm 

(99% by 22 min; Figure 2.2a), with excellent agreement between conversions and in situ 

yields, as judged from integration against internal standard. Even on increasing reaction 

times to 45 min, to address any increase in timescale required for preparative-scale 

experiments, no decomposition was evident. It may be noted that this longer reaction period 

remains well within the nearly six-hour half-life of the product.4 S-GIIm is obtained in 81% 

isolated yield, despite some losses incurred by its partial solubility in the cold pentane used 

to extract the PCy3 co-product. The corresponding reaction with free IMes likewise enables 

quantitative formation of A-GIIm (Figure 2.2b), which is isolated in similar yields (78%). 

 
 Figure 2.2. Kinetics of ligand exchange of GIm (black line) with isolated free NHCs to 
afford (a) H2IMes derivative S-GIIm (blue), or (b) IMes derivative A-GIIm (red). 
Conditions: C6D6, 60 °C; conversion measured by integration vs. trimethoxybenzene. 

2.2.3. Conclusions 

 The foregoing describes the first clean, high-yield route to the second-generation Grubbs 

methylidene complexes S-GIIm and A-GIIm. A strategy based on ligand exchange of 

RuCl2(PCy3)2(=CH2) with free H2IMes or IMes eliminates the decomposition that severely 

limits the yields attainable in metathetical exchange of benzylidene GII with ethylene. Use 

of the isolated free NHCs (which are now commercially available) also contributes to high 

purity with minimal workup, as the only byproduct in the reaction is readily-removed PCy3. 

Given the importance of these methylidene resting-state species as vectors for both 

metathesis and catalyst deactivation, we anticipate that these straightforward, high-yield 
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routes to S-GIIm and A-GIIm will aid significantly in clarifying key reaction pathways in 

olefin metathesis. 

2.2.4. Experimental Details for Section 2.2 

General Procedures 

 Reactions were carried out under N2 using standard Schlenk and glove-box techniques. 

Dry, oxygen-free C6H6, CH2Cl2 and hexanes were obtained using a Glass Contour solvent 

purification system. Pentane was distilled over sodium benzophenone, acetone over calcium 

sulphate. All solvents were stored under N2 over Linde 4 Å molecular sieves. C6D6 was 

purchased in 1-gram ampoules packed under N2 (Cambridge Isotopes). Given the 

documented reactivity of free carbenes with even traces of water,23,24 NMR spectra of free 

carbenes were measured in C6D6 that had been dried over 4 Å molecular sieves in an N2-

filled glove box for at least 4 h. Ethylene (BOC Ultra-High Purity Grade 3.0; 99.9%) was 

used as received. Free IMes,22 H2IMes•HBF4,25 and GI17 were prepared by literature 

methods. Free H2IMes was obtained from Strem or prepared by literature methods.21 As a 

precautionary measure, all samples of free NHCs were dissolved in benzene and filtered 

through Celite to remove any potential contaminants (such as unconverted imidazolinium 

salt or residual base remaining from the deprotection procedure), prior to storage at -35 ˚C 

under N2. 

 NMR spectra were recorded on a Bruker Avance 300 or 500 MHz spectrometer at 298 K, 

and referenced to the residual proton or carbon signals of the deuterated solvent (1H, 13C 

NMR). Signals are reported in ppm, relative to TMS (1H, 13C) or 85% H3PO4 (31P) at 0 ppm. 

The kinetics of ligand exchange between GIm and free H2IMes or IMes were monitored in 

the NMR probe at 60 ˚C. 1H NMR data (and 31P{1H} NMR data, where applicable) for 

known compounds are provided for convenience; in some cases the NMR solvent differs 

from that in the literature report. 

 Identification of [H2IMes•H]+. Traces of the unconverted imidazolinium salt were 

observed in one batch of free H2IMes. Any such contaminant is readily removed by the 

protocol described in the General Procedures above. A sample of the salt was isolated for the 

purposes of identification by filtering a benzene solution of (predominantly) H2IMes through 

a fine-frit filter. The identity of the cation was established by electrospray mass 

spectrometric (ESI-MS) analysis using a QSTAR XL hybrid quadrupole time-of-flight mass 
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spectrometer (AB Sciex, Framingham, MA) equipped with a nanoelectrospray ionization 

source, operating in positive ion mode. ESI-MS (aq. 33% MeCN + aq. 0.1% formic acid), 

m/z: Calcd [C21H27N2]+ (H2IMes•H+), 307.2169; Found, 307.2177. 

 Synthesis of GIm. In a modified version of the reported procedure,17 a 100 mL Schlenk 

tube was charged with solid GI (1.00 g, 1.22 mmol) and 25 mL C6H6 in a glovebox, and 

equipped with a fritted gas-dispersion tube. (Benzene was chosen as reaction solvent, in 

preference to the CH2Cl2 used in the literature report, as we found that it afforded higher 

yields). To maintain saturation, a very slow flow of ethylene was passed through the stirred 

solution via the gas-dispersion frit, and vented to the box atmosphere through the open 

stopcock. A colour change from purple to brown was observed within 15 min. After 45 min, 

the solvent was stripped off under vacuum to afford a pink solid, which was washed with      

–35 °C pentane (2 × 2 mL), cold acetone (2 × 1 mL), and again with cold pentane (2 × 2 

mL). NMR analysis of the light pink powder revealed ca. 5% residual GI. The crude product 

was re-subjected to reaction with ethylene and isolated as before to afford clean GIm as a 

light pink powder. Yield: 769 mg (85%). NMR spectra were measured in C6D6: signals are 

shifted slightly relative to the reported17 values in CD2Cl2, but are otherwise in good 

agreement. 31P{1H} NMR (121.5 MHz, C6D6): δ 43.5 ppm (s, PCy3). 1H NMR (300.1 MHz, 

C6D6): δ 19.42 (s, 2H, Ru=CH2), 2.77-2.61 (m, 6H, Cy), 2.08-1.88 (m, 12H, Cy), 1.85-1.49 

(m, 30H, Cy), 1.38-1.13 (m, 18H, Cy).  

 Synthesis of S-GIIm. In the glovebox, light pink GIm (150 mg, 0.200 mmol) was 

dissolved in 10 mL C6H6 in a 50 mL Schlenk tube. Free H2IMes (75 mg, 0.245 mmol) was 

added as a white crystalline powder. The Schlenk tube was removed to a vacuum line and 

heated to 60 °C for 45 min under Ar. The solution changed colour from pink to yellow-

brown within 15 min. The solvent was removed under vacuum to yield a yellow solid, which 

was washed with cold pentane (3 × 2 mL; glovebox) to yield S-GIIm as a fine yellow 

powder. Yield: 125 mg (81%). NMR spectra are in good agreement with the reported1 

values. 31P{1H} NMR (202.5 MHz, C6D6): δ 38.2 ppm (s, PCy3). 1H NMR (500.1 MHz, 

C6D6): δ 18.42 (s, 2H, Ru=CH2), 6.93 (s, 2H, Mes m-CH), 6.75 (s, 2H, Mes m-CH), 3.30-

3.18 (m, 4H, NCH2CH2), 2.78 (s, 6H, o-CH3), 2.56 (s, 6H o-CH3), 2.42-2.29 (m, 3H, Cy), 

2.18 (s, 3H, p-CH3), 2.11 (s, 3H, p-CH3), 1.70-1.49 (m, 15H, Cy), 1.37-0.95 (m, 15H, Cy).  
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Synthesis of A-GIIm. Prepared as in (C) above, but using free IMes (as a white 

crystalline powder). Yield 150 mg (78%) of A-GIIm, a fine yellow powder. 31P{1H} NMR 

(202.5 MHz, C6D6): δ 40.9 ppm (s, PCy3). 1H NMR (500.1 MHz, C6D6): δ 18.77 (s, 2H, 

Ru=CH2), 6.90 (s, 2H, Mes m-CH), 6.72 (s, 2H, Mes m-CH), 6.22 (d, 3JHH = 2 Hz, 1H, 

NCH=), 6.13 (dd, 3JHH = 2 Hz, 5JPH = 1 Hz, 1H, NCH=), 2.60 (s, 6H, o-CH3), 2.37 (s, 6H o-

CH3), 2.44-2.30 (m, 3H, Cy), 2.19 (s, 3H, p-CH3), 2.12 (s, 3H, p-CH3), 1.77-1.47 (m, 15H, 

Cy), 1.30-1.01 (m, 15H, Cy). 13C{1H} NMR (125.8 MHz, C6D6): δ 294.5 (d, 2JPC = 12 Hz, 

Ru=CH2), 191.6 (d, 2JPC = 79 Hz, NCN), 139.4, 139.0, 138.4, 137.4, 137.0, 135.6, 129.8, 

129.4, 124.1 (d, 4JPC = 3 Hz, NCH=), 123.6 (s, NCH=), 30.9 (d, JPC = 19 Hz, Cy), 29.4 (Cy), 

28.2 (d, JPC = 10 Hz, Cy), 26.8 (Cy), 21.34 (p-CH3), 21.32 (p-CH3), 19.8 (o-CH3), 18.9 (o-

CH3). Anal. Calcd. for C40H61Cl2N2PRu: C, 62.16%; H, 7.96%; N, 3.62%. Found: C, 

62.46%; H, 7.59%; N, 3.62%. 

 

2.3. Incorporating a 13C Isotopic Label into the Active Site for the Grubbs Benzylidene 

and Methylidene Complexes 

2.3.1. Introduction 

 Olefin metathesis is now a core tool in organic synthesis.26-29 With industrial applications 

of molecular metathesis catalysts now emerging,26 improved understanding of their 

deactivation pathways is becoming increasingly urgent, particularly for the dominant 

ruthenium catalysts. Isotopic labelling has long been an important tool in organometallic 

chemistry, enabling direct insight into the rates and fates of bond-forming and bond-breaking 

reactions via NMR and mass spectrometric (MS) analysis.30-32 Within the context of olefin 

metathesis, experiments with labelled olefins afforded key evidence for the Chauvin 

mechanism,6-8 for the chain-carrying role of metal alkylidene intermediates,33 and for the 

relative competence of ring-closing34,35 or cross-metathesis36,37 relative to degenerate 

exchange. Deuterium-labelled N-heterocyclic carbene (NHC) ligands have also been 

used38,39 to probe C-H activation during catalyst deactivation and to track the release and 

return of solid-supported metathesis catalysts.40  

 The present work was motivated by the potential offered by isotopic labelling for insight 

into the operation and decay41 of the Grubbs catalysts, which remain among the most 
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important catalyst systems used in olefin metathesis.26,27 We were particularly interested in 

accessing derivatives bearing a 13C tag at the key Ru=CHR site (Figure 2.3a). Labelling at 

the alkylidene position is of keen interest because this reports directly on changes at the 

active site. The diagnostic potency of the 13C isotope, relative to the more routinely 

incorporated isotope 2H, is a function of its order-of-magnitude expansion of the NMR 

chemical shift window, as well as elimination of potential scrambling pathways (a particular 

issue for catalytically promiscuous metals such as ruthenium). Also significant are the higher 

receptivity and slower T2 relaxation relative to deuterium,† which significantly improve 

resolution, while drastically reducing acquisition time.  

 
 Figure 2.3. Isotopically labelled targets synthesized in this work. (a) 13C-tagged (*) and (b) 
2H-tagged (D) first- and second-generation Grubbs catalysts, and their methylidene resting 
states. (H2IMes = N,N'bis(mesityl)imidazolin-2-ylidene). 

 Marciniec and co-workers recently reported successful 13C-labelling of the Hoveyda 

catalyst at the benzylidene carbon, and use of the labelled complex to confirm catalyst 

anchoring on silica supports.43 In subsequent studies, this compound was invaluable in 

affording unequivocal evidence for re-uptake of the styrenyl ether ligand during metathesis.44 

Similarly labelled Fischer carbene complexes earlier revealed transformation of the 

[Ru]=13CHOCH2Ph unit into a ruthenium hydridocarbonyl moiety.45 To date, however, 

Grubbs catalysts bearing an isotopic label at the alkylidene site are limited to deuterated 

derivatives.15,41d,46-48 Here we report routes to the 13C-labelled analogues, for both first- and 

second-generation Grubbs catalysts (Figure 2.3a). In the course of optimizing these 

syntheses with less costly 2H-labelled reagents, we improved routes to the known15,41d,46,47 

                                                
† The molar receptivity of 13C is 4.4 times higher than that of deuterium at comparable levels of enrichment. 
Furthermore, spin-spin relaxation times (T2) for deuterium nuclei are accelerated by quadrupolar relaxation, 
resulting in much broader signals, as line-widths at half-height are determined by 1/πT2. See Ref. (42). 
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deuterated isotopologues DGI, DGIm, and DS-GIIm, and developed the first route to the 

deuterated second-generation Grubbs catalyst, D S-GII (Figure 2.3b).  

2.3.2. Results and Discussion 

First-Generation Catalysts via Labelled Styrenes 

 Cross-metathesis of GI with isotopically-labelled styrenes offers a convenient means of 

installing a labelled benzylidene moiety on the first-generation Grubbs catalyst, as 

demonstrated by Dinger and Mol41d in synthesis of DGI. A challenge, however, lies in the 

selectivity for the labelled benzylidene complex – that is, the kinetic product – relative to the 

unwanted thermodynamic product, methylidene GIm (Scheme 2.4). Clean interception of 

labelled GI is especially important because the similar solubilities of these species hampers 

their separation. 

 
 Scheme 2.4. Kinetic vs. thermodynamic selectivity in synthesis of labelled GI. 

 We find that the timescale for degenerate exchange is much more readily established for 
13C-labelled *GI than 2H-labelled DGI. The doublet multiplicity of the 1H NMR signal for 

the benzylidene proton in *GI (Figure 2.4: δH 20.61 ppm; 1JCH = 146.6 Hz) provides a 

unique, convenient means of simultaneously quantifying both formation of *GI, and 

conversion of GI. This is especially useful in conjunction with use of an internal standard to 

detect net loss of [Ru]=CHR species (that is, decomposition to non-alkylidene products). In 

the corresponding reactions with H2C=CDPh, in contrast, the starting material and product 

cannot be simultaneously observed, and exchange is thus difficult to distinguish from 

decomposition.  

 To favour interception of the kinetic benzylidene product, we carried out the exchange 

reaction at RT (glovebox; ca. 27 °C). We chose benzene in preference to dichloromethane as 
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the reaction medium, given the accelerating effect of aromatic solvents on metathesis.49 On 

NMR scale, equilibration of GI with a five-fold excess of styrene-α-13C was complete within 

45 min at RT. Neither GIm nor decomposition was evident over 3 h (Figure 2.4), and the 

proportion of *GI present at equilibrium was 83%, as expected from the 1:5 stoichiometry of 

unlabelled vs. labelled styrene. Reactions on preparative scale (200 mg GI) involved two 45-

minute cycles of reaction with styrene-α-13C. After each pass, the solvent was stripped off in 

the glovebox, and the styrene was extracted with acetone. This treatment gave clean, 

straightforward access to the previously unreported 13C-labelled *GI in 85% yield, with an 

isotopic purity of 97%.  

 

 
 Figure 2.4. Formation and stability of *GI via the method of Scheme 1 (first pass). Inset: 
Benzylidene region of the 1H NMR spectrum for isolated *GI (300.1 MHz, C6D6), 
illustrating the ease with which crossover can be measured. Lower trace: commercial starting 
GI. Upper trace: *GI with 2.2% residual GI.  

 Essentially identical yields and enrichment were obtained in the corresponding synthesis 

of DGI via cross-metathesis of GI with styrene-α-D (400 mg scale). Dinger and Mol 

previously prepared this complex in 62% yield and 95% isotopic enrichment, via a similar 

sequence involving reaction with two successive portions of styrene (10 equivalents) in 

dichloromethane.41d,† Superficially minor changes in workup led to a nearly 25% increase in 

isolated yield in the present work (despite the lower proportion of the styrene reagent). 

Specifically, use of acetone to extract residual styrene, rather than pentane, permitted us to 

                                                
† A prior synthesis reported the [Ru]=CD(C6D5) isotopologue of DGI, albeit in 26% yield. See Ref. (48). 
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exploit the sparing solubility of GI in acetone.† The level of enrichment attainable for these 

benzylidene targets is limited by (1) the isotopic purity of the styrene reagent; (2) the 

stoichiometry of the reaction: that is, the equilibrium ratio of unlabelled vs. labelled styrene; 

and (3) the number of reaction cycles, coupled with the efficiency with which the non-

labelled styrene can be extracted. 

 

Labelled Second-Generation Catalysts via Ligand Exchange 
 In sharp contrast, synthesis of the labelled second-generation benzylidenes via cross-

metathesis of S-GII is unsatisfactory in both yield and purity. The non-lability of the 

phosphine ligand in S-GII renders exchange very slow (days) at RT, but efforts to accelerate 

reaction by heating result in co-formation of S-GIIm. As with the first-generation 

complexes, the benzylidene and methylidene complexes exhibit very similar solubilities, and 

are not readily separated. 

 More attractive as an entry point is therefore ligand exchange of labelled GI with free 

H2IMes (Scheme 2.5). We previously described the efficiency of this route to S-GII, 

especially where combined with use of an ion-exchange resin to remove the phosphine co-

product and excess NHC.50 Accordingly, treating *GI and DGI with free H2IMes for 1 h in 

THF at RT, then stirring with Amberlyst resin, enabled access to clean *S-GII and DS-GII in 

nearly 90% isolated yield (97% isotopic purity for *S-GII; 96% for DS-GII). It should be 

noted, however, that the THF must be scrupulously dry to prevent hydrolysis of the free 

H2IMes, which adversely affects the reaction stoichiometry, compromising product yields 

and/or purity.  

 
 Scheme 2.5. Successful ligand-exchange route to labelled second-generation benzylidene 
complexes. 

                                                
† Workup in the Mol route involved washing with pentane (in which GI is more soluble) and methanol. 
Probably also pertinent is the use of dichloromethane in the literature work, rather than benzene. The faster rate 
of metathesis in aromatic media was noted above. See Ref. (49) . 
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Methylidene Complexes: Additional Challenges 

 Synthesis of the labelled methylidene complexes is much more demanding, owing to the 

instability of these species. A half-life of 6 h has been reported4 for S-GIIm at 55 °C in 

C6D6, and this figure drops to just 40 min for GIm.10 (For added data concerning the 

lifetimes of these species, see below). The first-generation methylidene complex GIm is 

nevertheless accessible in high yields and high purity via ethenolysis at RT.17,51 An 

alternative route utilizing reaction of RuH2(N2)2(PCy3)2 with CH2Cl2 or CD2Cl2 is attractive 

for circumventing the need for a gaseous labelled reagent.47 In situ yields of GIm or DGIm 

were limited to ca. 65%, however, and the product was contaminated with a 

RuHCl(H2)(PCy3)2 by-product. Also examined in the present study was a potential route 

involving cross-metathesis with β-labelled styrenes. As this also proved less satisfactory 

(resulting in <60% *S-GIIm, as a mixture with S-GII), it is briefly described in a closing 

section. 

 Our principal focus in this section is on adapting the successful ethenolysis route to permit 

efficient use of labelled ethylene gas. Sparging to maintain high ethylene concentrations is 

economically prohibitive, given the high prices of these reagents ($550 or $1400 CAD, 

respectively, for 1 L of C2D4 or 13C2H4 gas; Sigma-Aldrich). Instead, we carried out reactions 

in sealed vessels, and optimized procedures with deuterated ethylene, before proceeding to 

the more expensive 13C-labelled gas. As a first step, however, we measured the solubility of 

dissolved ethylene (a critical parameter in these sealed-tube experiments) in the proposed 

reaction solvents, using non-labelled ethylene.  

 

Impact of Solvent on Ethylene Solubility and Methylidene Lifetime 

 The published data for the solubility of ethylene vary widely. The IUPAC-NIST Solubility 

Database cites no study as authoritative, although it excludes several values on the basis of 

unreliability.† Given the scatter in the data reported, we measured the solubility of ethylene 

                                                
† A single entry for benzene in the IUPAC-NIST Solubility Data Series database corresponds to data for 
ethylene in the temperature and pressure regime used in our experiments, while no relevant entries exist for 
dichloromethane. Krauss and Gestrich reported a solubility in benzene of 140 mM at 298K, and 150 mM at 
293K (see: Ref. (52) ). A solubility of 32 mM was reported by the Diver group in CD2Cl2 at room temperature 
and balloon pressure (see: Ref. (53) ). Our study, carried out at 296 ±1.5 K and 1 atm (101.0 ±0.8 kPa), yielded 
values of 89 ±1 mM in C6D6, and 54 ±3 mM in CD2Cl2. To rule out potential integration errors arising from 
differences in the T1 relaxation of the ethylene protons, relative to TMB, we measured the 1H NMR spectra at 
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in CD2Cl2 and C6D6, at 23 ±1.5 °C. In these experiments, we integrated the 1H NMR singlet 

for dissolved C2H4 against that for a known concentration of trimethoxybenzene (TMB; 

Figure 2.5), after saturating the solution in ethylene by five sequential freeze-pump-thaw 

cycles. An equilibrium concentration of 89 mM was found in C6D6, nearly double that in 

CD2Cl2 (54 mM), for experiments in triplicate, using independently-prepared stock solutions.  

 
 Figure 2.5. Measuring the solubility of ethylene in organic solvents by 1H NMR analysis 
(300.1 MHz). Left: representative spectrum. Signal labelled (*) is due to C2H4, (x) denotes 
TMB; C6HD5 signal not labelled. Right: tabulated data. Conditions: 296 ±1.5K, 101.0 ±0.8 
kPa, 5 x freeze-pump-thaw cycles prior to equilibrating under ethylene; experiments in 
triplicate.  

 Notably, we also find that the highly sensitive methylidene complex GIm is much longer-

lived in benzene. These experiments were likewise carried out by integrating the signal of 

interest (in this case, the methylidene singlet) against that for TMB. The half-life in CD2Cl2 

or CDCl3 was ca. 2.4 h at 35 °C, as compared to 6.6 h in C6D6 (Figure 2.6). Unexpectedly, 

THF is even more deleterious, with the half-life in this solvent dropping to ca. 1 h. On the 

basis of both ethylene solubility and product stability, therefore, benzene is preferred for the 

synthesis of GIm. 

 
 Figure 2.6. Impact of solvent on the lifetime of GIm (18 mM) at 35 °C. Assessed by 1H 
NMR analysis; integration against TMB as internal standard. Cf. reported half-life at 55 °C 
in C6D6 40 min.10  

                                                                                                                                                 
different delay times. Minimal differences in relative integration (<3%) were apparent for single-pulse 
experiments, versus 16-scan experiments with an arbitrarily long D1 relaxation delay 
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First-Generation Methylidenes via Labelled Ethylene 

 Following these probe experiments, synthesis of DGIm was undertaken on preparative 

scale (400 mg GI). For details of practical measures aimed at maximizing the efficiency of 

gas delivery from the lecture bottles, readers are referred to Appendix D. Cross-metathesis 

with C2D4 in benzene was conducted in two 45-minute cycles (Scheme 2.6). After each pass, 

the solvent was stripped off on the Schlenk line, and the styrene byproduct was extracted 

with pentane. (Pentane was used in preference to acetone because GIm – unlike GI – is very 

sparingly soluble in pentane: this is convenient as pentane residues are more readily removed 

under vacuum). The first cycle of treatment afforded DGIm in 85% isolated yield, with 5% 

GI remaining. A second treatment enabled isolation of DGIm in 75% total yield (>99% 

enrichment; no GI detected). The corresponding reaction with 13C2H4 afforded *GIm in 71% 

yield (99.5% enrichment). These isolated yields are well below the 85% level that we were 

able to attain for non-labelled GIm.51 The difference is due in part to the smaller scale for the 

labelling reactions (400 mg, vs. 1 g). Parallel experiments with C2H4 in sealed systems, 

however, also indicate consistently lower yields relative to the continuously-sparged 

reactions.  

 
 Scheme 2.6. Synthesis of *GIm and DGIm by ethenolysis. 

Second-Generation Methylidenes via Ligand Exchange 

 Ethenolysis is impractical as a route to the second-generation methylidene complexes. 

Competing decomposition has been shown to limit isolated yields to 27-36% for GIIm or its 

D-labelled isotopologue.1,15 More efficient is the “free-carbene” route developed by our 

group,51 in which GIm is treated with H2IMes at 60 °C (cf. the corresponding synthesis of 

the benzylidene complex S-GII described above). The challenge in using this methodology 

to prepare the methylidene complexes lies in their thermal instability (see Figure 2.6 and 
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discussion above). Nevertheless, DS-GIIm could be obtained by heating DGIm with free 

H2IMes for 45 min (Scheme 2.7). Traces of the decomposition byproduct [MePCy3]Cl were 

extracted with degassed water (a technique used successfully to refine workup for the non-

labelled target, which was obtained in 80% yield for reactions on 700 mg scale). Free PCy3 

and decomposed Ru were removed by successive extraction with acetone and cold pentane. 

The partial solubility of the product in these wash solvents limited isolated yields to 60% for 

reactions on ca. 200 mg scale: the >99% enrichment of the precursor was maintained. 

Purification with Amberlyst in THF was not feasible for these methylidene complexes, in 

contrast to the benzylidene analogues discussed above, owing to extensive decomposition. 

 Use of the same procedure, but omitting the acetone wash, enabled isolation of *S-GIIm 

in 68% yield (160 mg scale), without any deleterious effect on purity.  

 
 Scheme 2.7. Synthesis of *S-GIIm and DS-GIIm by ligand exchange. 

Limitations in Ethylene-Free Access to Labelled Methylidenes 

 Given the cost and technical demands involved in handling the labelled gases, we also 

explored the potential accessibility of the labelled methylidene complexes by cross-

metathesis with styrene-β-13C (Scheme 2.8). Here we hoped to exploit the thermodynamic 

preference for the methylidene species in metathesis of terminal olefins; see above. This 

approach failed for the synthesis of GIm, however. Exchange of GI with 5 equiv of styrene 

at RT was far too slow: NMR-scale reactions proceeded to only 13% GIm after 7 days, with 

27% net loss of alkylidene (as judged by integration against internal standard). Increasing the 

temperature to 40 °C caused catalyst degradation to dominate over the desired metathesis 

exchange: after 28 h at 40°C, just 4% GIm was observed, accompanied by 43% 

decomposition. The corresponding reaction of S-GII with β-13C labelled styrene at 40 °C 

resulted in a 60:40 mixture of S-GII:*S-GIIm after 24 h. Longer reaction increased 

conversion of GII, but at the cost of competing decomposition of *S-GIIm. This route is 

therefore considerably less attractive than the ligand-exchange chemistry, where highly pure 
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S-GIIm is desired. It offers advantages in other contexts, however, and will be treated in 

more detail in Section 2.4. 

 
 Scheme 2.8. Potential installation of 13C-labelled methylidene by cross-metathesis with β-
13C-labelled styrene. 

Case Study: Amine-Induced Deactivation of GIIm 

 The ease with which these isotopically labelled complexes enable tracking of the 

methylidene moiety during catalyst deactivation was tested in a study of the amine-induced 

decomposition of S-GIIm. Amines have long been regarded as detrimental to ruthenium 

metathesis catalysts,† and have been flagged as problematic in reports from pharma.26a We 

recently demonstrated that during catalysis, sterically accessible primary and secondary 

amines decompose S-GIIm via a two-step mechanism, involving (1) replacement of the 

PCy3 ligand by amine, and (2) abstraction of the methylidene ligand by the released PCy3.3 

Given the extreme vulnerability exhibited by S-GIIm during catalysis, however, our original 

study focused on equimolar proportions of amine relative to catalyst.  

 Here we wished to examine the susceptibility of the methylidene ligand to direct attack by 

amine. We therefore selected H2NnBu, as the least bulky (i.e. most aggressive) of the amines 

originally tested, and added it in tenfold excess relative to *S-GIIm. While 1H NMR analysis 

of non-labelled S-GIIm suffices to reveal loss of the methylidene signal, which is complete 

within 10 min at RT, the 13C label in *S-GIIm proved invaluable in tracking the fate of the 

methylidene moiety. Thus, 13C{1H} NMR analysis at 10 min revealed two dominant species 

in a ca. 70:30 ratio. These are [*MePCy3]Cl, which appears as a doublet at 1.5 ppm (1JCP = 

47.9 Hz), and NHnBu*Me, a singlet at 36.8 ppm (Figure 2.7, top).  

 The ratio of these two species, which reports on the propensity for nucleophilic attack by 

phosphine, vs. amine, is difficult to ascertain by any other method (including GC analysis, 

which is hampered by the involatility of the salt). In the absence of the label, 13C{1H} NMR 

analysis is of limited use: see inverted spectrum. The signal for the methyl carbon of 

                                                
† Sterically accessible amines are most damaging, while α-substituted amines are relatively innocuous. For a 
lucid review, see Ref. (54). For studies of the decomposition of the Grubbs catalysts by primary amines, see 
Ref. (39) and (55) . 

PCy3RuL
Cl

Cl

Ph

+ 5

Ph

* C6H6

PCy3RuL
Cl

Cl

*
+

Ph

Ph



Chapter 2.Designing Routes to Catalysts and Intermediates Required for Subsequent Mechanistic Studies 
 

References page 55 43 

[MePCy3]Cl (1.52 ppm) is lost in the baseline, and that for NHnBuMe is obscured by H2NnBu 

present in excess. The longer acquisition time should also be noted: 5.5 h, vs. 20 min. 

 

 

 
 Figure 2.7. Spectra showing the superior rapidity and clarity with which 13C-labelling 
enables tracking of the methylidene moiety during decomposition. Top: 13C{1H} NMR 
spectra; 20 min acquisition for *S-GIIm and (inverted) 5.5 h acquisition for non-enriched S-
GIIm. Bottom: 2H spectrum for DS-GIIm and (inverted) 1H NMR spectrum for S-GIIm (2 h 
and 5 min acquisition, respectively).  

 The corresponding experiment with DS-GIIm supported the inference from the *GIIm 

experiment, but was less diagnostic. While the methyl signals for [MePCy3]Cl and 

HNnBuMe can be observed at 2.8 and 2.2 ppm, respectively, assignment is hampered by the 

poor resolution of the 2JDP signal, and the narrow chemical shift window (Figure 2.7, 

bottom). It should be noted that neither [MePCy3]Cl nor HNnBuMe can be readily identified 

by 1H NMR analysis of the non-labelled S-GIIm reaction, as their methyl resonances are 

obscured by overlapping signals (see inverted spectrum). 

 These results indicate a surprising bias toward nucleophilic attack by phosphine, relative 

to amine, even where amine is present in tenfold excess. While the origin of this effect is 

under further study, the data above illustrate the power of these isotopically labelled 

PCy3RuH2IMes
Cl

ClS-GIIm

10 H2NnBu

< 10 min, RT 
C6D6

[MePCy3]Cl   +   MeNHnBu   +    Decomposed Ru
ca 70% ca 30%

^
x†

13C{1H} 
*S-GIIm 

 
S-GIIm 

2H 
DS-GIIm 

 
S-GIIm 



Chapter 2.Designing Routes to Catalysts and Intermediates Required for Subsequent Mechanistic Studies 
 

References page 55 44 

complexes, and particularly 13C-labelling at the [Ru]=CHR center, in enabling rapid, 

quantitative insight into transformations that involve the active site. 

2.3.3. Conclusions 

 The foregoing describes the first synthesis of Grubbs metathesis catalysts bearing a 13C 

label at the key alkylidene site, as well as improved routes to their 2H-labelled isotopologues. 

Both first- and second-generation Grubbs catalysts (that is, the benzylidene precatalysts) 

were prepared, as were their resting-state methylidene complexes. A case study was 

presented that demonstrates the ease with which the methylidene label can be tracked via the 
13C label. This study revealed an unexpected, profound bias for abstraction of the 

methylidene moiety by phosphine, relative to amine. While the basis for this phenomenon is 

the subject of ongoing study, the data above illustrate the power of these isotopically labelled 

complexes for insight into catalyst activation and deactivation, and their potential to expand 

understanding of the behaviour of the important Grubbs metathesis catalysts. 

2.3.4. Experimental Details for Section 2.3 

General Procedures 

 Reactions were carried out under N2 using standard Schlenk and glovebox techniques. 

Dry, oxygen-free C6H6 and CH2Cl2 were obtained using a Glass Contour solvent purification 

system. Pentane was distilled over sodium benzophenone, acetone over calcium sulphate. All 

solvents were stored under N2 over Linde 4 Å molecular sieves. C6D6 and CD2Cl2 

(Cambridge Isotopes) were degassed by five successive freeze/pump/thaw cycles and stored 

over 4Å molecular sieves under N2 for at least 6 h prior to use. Ethylene (BOC Ultra-High 

Purity Grade 3.0; 99.9%) was used as received from Linde. The first-generation Grubbs 

catalyst (GI, 97% purity), styrene-α-13C (98% purity, 99% 13C-enrichment, 4-tert-

butylcatechol as a stabilizer), styrene-α-d1 (98% purity, 98% 2H-enrichment, hydroquinone 

as stabilizer), styrene-β-13C (99% 13C-enrichment, 4-tert-butylcatechol as stabilizer), 13C2H4 

(99% 13C-enrichment), and 1,3,5-trimethoxybenzene (TMB, >99%) were obtained from 

Sigma-Aldrich, C2D4 (99.8% 2H-enrichment) from C/D/N Isotopes. Free H2IMes was 

prepared by the literature method.21 

 NMR spectra were recorded on a Bruker Avance 300 NMR at 296±1.5 K, and referenced 

to the residual proton/deuteron or carbon signals of the solvent (1H, 2H, 13C). Signals are 
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reported in ppm, relative to TMS (1H, 13C) or 85% H3PO4 (31P) at 0 ppm. The number of 

intervening bonds for JPC coupling constants is omitted for cyclohexyl carbons, for which 

specific assignments were not attempted. 

Synthesis of Isotopically Labelled Ru Complexes 

 RuCl2(PCy3)2(=13CHPh), *GI. In the glovebox, styrene-α-13C (144 µL, 1.26 mmol, 5.0 

equiv) was added to a purple solution of GI (208 mg, 0.253 mmol) in C6H6 (20 mL) in a 100 

mL Schlenk tube. The reaction was stirred at RT for 45 min. The solvent was removed under 

vacuum to yield a purple solid, which was washed with acetone (3 x 2 mL) to remove excess 

styrene. The crude product (196 mg, 83% 13C-enriched) was then re-subjected to styrene-α-
13C (146 µL, 1.28 mmol, 5.0 equiv) as before. Work-up afforded *GI as a dark purple 

powder. Yield: 177 mg (85%, 97% 13C-enriched). NMR shifts are in good agreement with 

those reported41d for DGI in C6D6, barring those due to the alkylidene proton/deuteron. 13C-

coupling adds complexity to the splitting patterns observed. 31P{1H} NMR (121.5 MHz, 

C6D6): δ 36.9 (d, 2JPC = 8.0 Hz, PCy3). 1H NMR (300.1 MHz, C6D6): δ 20.61 (d, 1JHC = 146.6 

Hz, 1H, Ru=CHPh), 8.72 (br s, 2H, Ph o-CH), 7.40-7.00 (m, 3H, Ph p-CH, m-CH; overlaps 

with solvent C6D5H), 2.87 (m, 6H, Cy), 2.10-1.85 (m, 12H, Cy), 1.83-1.41 (m, 30H, Cy), 

1.38-1.05 (m, 18H, Cy). 13C{1H} NMR (C6D6, 75.5 MHz) δ 295.0 (t, 2JCP = 8.0 Hz, Ru), 

153.4 (d, JCC = 44.6 Hz, Ph i-C) 131.5 (d, JCC = 2.2 Hz, Ph o-CH) 129.4 (d, JCC = 4.0 Hz, Ph 

m-CH), 129.3 (p-CH), 32.5 (t, JCP = 9.1 Hz, Cy), 30.2 (s, Cy), 28.2 (t, JCP = 5.0 Hz, Cy), 27.0 

(s, Cy). 

 RuCl2(PCy3)2(=CDPh), DGI. Prepared as for *GI above, but using styrene-α-d1 (247 µL, 

2.37 mmol, 5 equiv) and GI (390 mg, 0.474 mmol). Yield: 330 mg (85%, 96% 2H-enriched). 

NMR data agree with those reported;41d they are reproduced here for convenience. 

Resolution is slightly improved relative to *GI above. 31P{1H} NMR (121.5 MHz, C6D6): δ 

36.7 (PCy3). 1H NMR (300.1 MHz, C6D6): 8.77 (d, 3JHH = 7.8 Hz, 2H, Ph o-CH), 7.31 (t, 
3JHH = 7.4 Hz, 1H, Ph p-CH ), 7.18-7.12 (m, 2H, Ph m-CH; overlaps with solvent C6D5H), 

2.91 (m, 6H, Cy), 2.10-1.93 (m, 12H, Cy), 1.86-1.50 (m, 30H, Cy), 1.44-1.12 (m, 18H, Cy). 
2H NMR (46.1 MHz, C6H6): δ 20.61 ppm (br s, Ru=CD2). 

 RuCl2(H2IMes)(PCy3)(=13CHPh), *S-GII. In the glovebox, a 50 mL round-bottomed 

flask was charged with pink *GI (174 mg, 0.211 mmol) and THF (4.5 mL). To the stirred 

solution was added free H2IMes (71 mg, 0.233 mmol, 1.1 equiv). The reaction was stirred at 
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ambient temperature (27 °C) for 1 h, at which point an aliquot removed for 1H NMR analysis 

revealed ca. 1% *GI remaining, owing to hydrolysis of H2IMes by trace water. A further 7.0 

mg H2IMes (0.023 mmol, 0.1 equiv) was added, and stirring was continued for 30 min, at 

which point conversion was complete (1H NMR analysis). Off-the-shelf Amberlyst 15 

exchange resin (180 mg, 4.0 equiv) was added and the suspension was stirred vigorously for 

1 h to sequester free PCy3 (confirmed by 31P NMR analysis). The resin was filtered off and 

rinsed with THF (3 x 1 mL). The filtrate was stripped to dryness to yield *S-GII as a pink 

powder. Yield: 155 mg (87%, 97% 13C-enriched). 1H NMR analysis indicated the presence 

of ca. 2% of the H2IMes hydrolysis product N,N’-dimesityl-N-formylethylenediamine.50 This 

impurity was removed from an 18 mg portion of the product by washing with cold pentane 

(3 x 1 mL): catalyst purity increased to >98%, albeit to the detriment of the isolated yield (13 

mg; 72%). NMR chemical data agree well with the values reported25 for non-labelled S-GII, 

with the addition of 13C splitting. 31P{1H} NMR (C6D6): δ 30.2 (d, 2JPC = 8.3 Hz, PCy3). 1H 

NMR (300.1 MHz, C6D6): δ 19.64 (d, 1JHC = 147.9 Hz, 1H, Ru=CHPh), 9.49 (br s, 1H, Ph o-

CH), 7.45-5.30 (m, 8H, Ph, Mes m-CH; overlaps with solvent C6D5H), 3.68-0.74 (m, 55H, 

Cy and CH2, CH3 of H2IMes). 13C{1H} NMR (C6D6, 75.5 MHz): δ 294.8 (d, 2JCP = 8.3 Hz, 

Ru), 221.5 (d, 2JCP = 77.3 Hz, CNHC), 152.0 (d, 1JCH = 45.9 Hz, Ph i-C), 139.4 (br s), 138.3, 

137.8, 137.6, 137.3 (br, s), 135.9, 130.3, 129.4, 52.2 (d, 4JCP = 3.3 Hz, NHC CH2), 51.2 (d, 
4JCP = 2.0 Hz, NHC CH2), 32.0 (d, JCP = 16.5 Hz, Cy), 29.7 (s, Cy), 28.2 (d, JCP = 10.0 Hz, 

Cy), 26.6 (s, Cy), 21.2 (s, p-CH3), 21.1 (s, p-CH3), 20.5 (s, o-CH3), 19.0 (br s, o-CH3). 

Swivelling about the Ru=CHPh bond prevents observation of all phenyl carbons except the 

ipso-carbon, and broadens the corresponding 1H NMR signals. 

 RuCl2(H2IMes)(PCy3)(=CDPh), DS-GII. Prepared as for *S-GII above, but using DGI 

(275 mg, 0.334 mmol), H2IMes (113 mg, 0.367 mmol, 1.1 equiv), and Amberlyst 15 resin 

(284 mg, 1.34 mmol, 4 equiv). Yield: 244 mg (86%, 96% 2H-enriched). NMR chemical 

shifts are in excellent agreement with the values reported25 for non-labelled S-GII, barring 

those due to the alkylidene proton/deuteron. 2H NMR (46.1 MHz, C6H6): δ 19.64 ppm (br s, 

Ru=CDPh). 

 RuCl2(PCy3)2(=13CH2), *GIm. In the glovebox, a 50 mL round-bottom flask equipped 

with a Kontes valve was charged with purple GI (403 mg, 0.490 mmol) and C6H6 (20 mL). 

The flask was removed to a Schlenk line, degassed by five consecutive freeze/pump/thaw 
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cycles, and connected via a T-valve to the 13C2H4 lecture bottle and a Schlenk line. Ethylene 

was introduced from a lecture bottle (for details, see SI). Once a positive pressure was 

achieved, the reaction vessel was sealed and allowed to stir at RT. A colour change from 

deep purple to red, then brown, was evident within 10 min. The flask was then briefly 

opened to re-establish positive pressure, and resealed. The reaction was stirred for 45 min, 

after which the flask was returned to the glovebox and solvent was removed under vacuum. 

Styrene and ruthenium decomposition products were extracted with cold pentane (5 x 1.5 

mL; –35 °C) to afford a pink solid consisting of *GIm and GI in 95:5 ratio (310 mg). 

Following a second pass of reaction with ethylene, clean *GIm was isolated as a pink solid. 

Yield 259 mg (71%, 99.5% 13C-enriched). NMR data agree with those reported for GIm,51 

with the addition of 13C splitting. 31P{1H} NMR (121.5 MHz, C6D6): δ 43.4 ppm (d, 2JPC = 

8.4 Hz, PCy3). 1H NMR (300.1 MHz, C6D6): δ 19.41 (d, 1JHC = 156.7 Hz, 2H, Ru=CH2), 

2.80-2.55 (m, 6H, Cy), 2.10-1.88 (m, 12H, Cy), 1.85-1.44 (m, 30H, Cy), 1.38-1.10 (m, 18H, 

Cy). 13C{1H} NMR (C6D6, 75.5 MHz) δ 294.7 (t, 2JCP = 8.4 Hz, Ru=CH2), 31.1 (t, JCP = 9.6 

Hz, Cy), 29.7 (s, Cy), 28.1 (t, JCP = 5.3 Hz, Cy), 26.9 (s, Cy). 

 RuCl2(PCy3)2(=CD2), DGIm. Prepared as for *GIm, but using C2D4 and GI (400 mg, 

0.486 mmol). Yield: 272 mg (75%, >99% 2H-enriched). NMR chemical shifts are in 

excellent agreement with the values reported51 for non-labelled GIm, barring those due to 

the alkylidene proton/deuteron. 2H NMR (46.1 MHz, C6H6): δ 19.44 ppm (br s, Ru=CD2). 

 RuCl2(H2IMes)(PCy3)(=13CH2), *S-GIIm. In the glovebox, light pink *GIm (202 mg, 

0.270 mmol) was dissolved in 12 mL C6H6 in a 100 mL Schlenk tube. White crystalline 

H2IMes (91 mg, 0.297 mmol, 1.1 equiv) was added. The flask was removed to a Schlenk line 

and immersed in a 60 °C oil bath. A colour change from pink to yellow-brown was observed 

within 15 min, and heating was continued for a total of 45 min. The solvent was then 

removed under vacuum at room temperature to yield a brown residue. This brown tar was 

transformed into a well-behaved yellow powder by suspending in pentane in the glovebox, 

scratching with a spatula, and stripping off the pentane (3x). Yield 179 mg (86%) of a crude 

yellow solid; 31P NMR analysis indicated contamination with [MePCy3]Cl. Dissolving 161 

mg of crude product in 8 mL benzene and washing with water (2 x 1.5 mL) removed the 

[MePCy3]Cl impurity. The benzene was then removed under vacuum and the yellow solid 

was washed with cold pentane (3 x 1.5 mL) to give *S-GIIm as a fine yellow powder. Yield: 
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127 mg (68%, 99.5% 13C-enriched). NMR chemical shifts are in excellent agreement with 

the values reported for the non-labelled isotopologue,51 although 13C coupling adds further 

complexity. 31P{1H} NMR (121.5 MHz, C6D6): δ 38.3 ppm (d, 2JPC = 8.5 Hz, PCy3). 1H 

NMR (300.1 MHz, C6D6): δ 18.42 (d, 1JHC = 158.6 Hz, 2H, Ru=CH2), 6.92 (s, 2H, Mes m-

CH), 6.75 (s, 2H, Mes m-CH), 3.35-3.15 (m, 4H, NHC CH2), 2.78 (s, 6H, o-CH3), 2.55 (s, 

6H o-CH3), 2.44-2.25 (m, 3H, Cy), 2.18 (s, 3H, p-CH3), 2.11 (s, 3H, p-CH3), 1.70-1.45 (m, 

15H, Cy), 1.30-0.95 (m, 15H, Cy). 13C{1H} NMR (C6D6, 75.5 MHz) δ 294.4 (d, 2JCP = 8.5 

Hz, Ru=CH2), 222.2 (d, 2JCP = 79.8 Hz, CNHC) 139.3 (s, Mes-A o-C), 138.6 (s, Mes-A p-C), 

138.1 (s, Mes-B p-C), 137.8 (s, Mes-B o-C), 137.4 (s, Mes-B i-C), 135.0 (s, Mes-A, i-C), 

130.2 (s, Mes-A, m-CH), 129.7(s, Mes-B, m-CH), 51.6 (d, 4JCP = 3.5 Hz, NHC CH2), 50.0 (d, 
4JCP = 1.7 Hz, NHC CH2), 30.7 (d, JCP = 17.8 Hz, Cy), 29.2 (s, Cy), 28.0 (d, JCP = 10.4 Hz, 

Cy), 26.7 (s, Cy), 21.22 (s, Mes p-CH3), 21.20 (s, Mes p-CH3), 20.1 (s, Mes-A o-CH3), 19.1 

(s, Mes-B o-CH3). Note: Mes-A and Mes-B denote the two unique mesityl groups. 
 RuCl2(H2IMes)(PCy3)(=CD2), DS-GIIm. Prepared as for *S-GIIm above, but using 
DGIm (210 mg, 0.280 mmol) and free H2IMes (94 mg, 0.308 mmol). Instead of dissolving 

the crude product in benzene and extracting with water (an improved work-up developed 

with *S-GIIm), the crude product was washed with H2O (1 x 2 mL), then washed with 

acetone to remove residual water (1 x 1 mL), and finally pentane (3 x 1 mL), yielding a 

yellow solid. Yield: 131 mg (63%, >99% 2H-enriched). 31P{1H} and 1H NMR chemical 

shifts are in excellent agreement with the values reported for the non-labelled isotopologue,51 

barring those due to the alkylidene proton/deuteron. 2H NMR (46.1 MHz, C6H6): δ 18.43 

ppm (br s, Ru=CD2). 

 Representative Procedure for C2H4 Solubility Measurements. A sample of TMB (11.2 

mg, 0.066 mmol) was weighed out using an analytical balance inside the glovebox, 

transferred to a J. Young NMR tube, and dissolved in C6D6 (750 µL). The solution was 

degassed via five consecutive freeze/pump/thaw cycles, then opened to an atmosphere of 

C2H4 (oil-bubbler pressure) for ca. 0.5 min. The concentration of dissolved C2H4 was 

established by 1H NMR analysis by comparing the integration of the C2H4 singlet at 5.25 

ppm (4H) against the TMB aromatic singlet at 6.25 ppm (3H). A recycle delay (D1) of 20.0 s 

was used to ensure accurate integration and the reported numbers are the average of three 

trials. The same procedure was used to measure the solubility of ethylene in CD2Cl2. 
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 Representative Procedure for Half-life Measurements. In the glovebox, a J. Young 

NMR tube was charged with GIm (10 mg, 0.013 mmol), TMB (ca. 1 mg), and THF-d8 (0.75 

mL). The initial ratio of GIm to TMB was measured by 1H NMR analysis. The NMR probe 

was heated to 35 °C and 1H NMR spectra were collected to 95% consumption of the starting 

methylidene. The half-life of GIm in CD2Cl2, CDCl3, and C6D6 was determined similarly. 

 Representative Procedure for Amine-Induced Deactivation of GIIm. In the glovebox, 

*S-GIIm (9.8 mg, 0.013 mmol) was dissolved in C6D6 (633 µL) in a J Young NMR tube, 

and treated with H2NnBu (12.5 µL, 0.13 mmol; 10 equiv). The NMR tube was shaken 

vigorously for 10 minutes, after which 13C NMR spectra were collected. Loss of the 

methylidene signal was accompanied by the emergence of new peaks for [*MePCy3]Cl (1.5 

ppm; d, 1JCP = 47.9 Hz) and NHnBu*Me (36.8 ppm; s), with an integration ratio of 69:31. 

 

2.4. Ethylene-Free Synthesis of *GIIm 

2.4.1. Introduction 

 The objective of the preceding Section was access to the labelled methylidene complexes 

in high yields and purity. An alternative route via cross metathesis of GI and S-GII with β-
13C-styrene (see Scheme 2.8 above) was briefly mentioned, but was not developed. This 

route failed for GIm (for which decomposition proved faster than exchange), and afforded S-

GIIm only as a mixture with S-GII. The great advantage of the styrene exchange route, 

however, is the potential to circumvent the cost and technical demands associated with 

handling a 13C-labelled gas. Additionally, using styrene instead of ethylene reduces the 

proportion of the unusubstituted MCB intermediate formed. The vulnerability of this 

intermediate was identified in Section 2.2. In some contexts, moreover – notably, 13C NMR 

analysis – intermediate levels of purity and isotopic enrichment can be adequate. Synthesis 

of *S-GIIm via cross metathesis of S-GII with β-13C-styrene was therefore examined more 

closely, as described below.  

2.4.2. Results and Discussion 

Optimizing the Temperature of Styrene Exchange 

Given the susceptibility of the methylidene target to thermal degradation, we sought to 

establish the minimum temperature at which *GIIm could be obtained. These temperature 
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effects are most clearly revealed by cross-metathesis of GII with the α-labelled styrene, 

which permits tracking of both kinetic and thermodynamic products: that is, *GII and GIIm, 

respectively (Figure 2.8a). Use of the β-labelled styrene, in contrast, can reveal only the rate 

of formation of *GIIm, as the GII formed by degenerate exchange cannot be distinguished 

from that initially present (Figure 2.8b). Insight into this point is important to clarify 

whether low yields of GIIm are due simply to slow initiation of GII, or to slow formation 

and competing decomposition of GIIm. 

 
 Figure 2.8. Products observed from reaction of GII with: (a) alpha-13C-labelled styrene; (b) 
beta-13C-labelled styrene. 

An NMR-scale probe reaction was therefore carried out, in which S-GII was treated with 

five equivalents of styrene−α-13C. At RT, formation of S-GIIm was extremely slow (Figure 

2.9a). The problem is not initiation: after 8 h, the proportion of unreacted S-GII was 37%, 

but the yield of S-GIIm was just 2%, indicating that at this stage, the reaction was limited to 

the kinetic regime. More seriously, decomposition outstrips conversion to S-GIIm: loss of 

the alkylidene signal reaches 6% at 8 h, as determined by integration against internal 

standard. These data underscore the very slow turn-on efficiency of S-GII at room 

temperature. (Interestingly, this implies that where metathesis via S-GII is rapid at room 

temperature, a small portion of the catalyst charge is responsible: ca. 15% at 1 h). 

At 40 °C, in contrast, just 7% unreacted S-GII remained at ca. 8 h. While the dominant 

species present remained the kinetic product *S-GII (41%; Figure 2.9b), formation of S-

GIIm here outpaced decomposition (26%, vs. 19%). Some of the decomposition, moreover, 

is almost certainly due to retention of ethylene in the NMR tube, which results in formation 

of the unprotected metallacyclobutane (MCB). Preparative-scale reactions at 40 °C were 

therefore pursued. 
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 Figure 2.9. Impact of temperature on the rates of formation of methylidene S-GIIm (red) by 
reaction of S-GII (blue) with 13C-labelled styrene. Degenerate metathesis results in co-
formation of *S-GII (green); decomposition (black) to non-alkylidene species is also 
detected. Reactions carried out in a sealed J. Young NMR tube, with integration against 
TMB as internal standard.  

Synthesis of 13C-Enriched *GIIm 

 Reaction of S-GII with five equivalents of β-13C-labelled styrene was carried out on 200 

mg scale at 40 °C. The proportion of *S-GIIm reached 40% after 24 h. Longer reaction was 

not attempted, to limit decomposition. The mixture of S-GII and *S-GIIm was isolated in 

67% yield after extracting the decomposition products and styrene with pentane. The 

proportion of *S-GIIm increased slightly (to 47%) following workup, owing to the higher 

solubility of S-GII in pentane. While substantially less pure than the S-GIIm prepared via 

the ethenolysis–ligand exchange route (Section 2.2), the material obtained by this route is 

nonetheless of value for solid-state 13C NMR studies of S-GIIm. Although the benzylidene 

complex S-GII is present in essentially equal proportions, enrichment is selective for the 

methylidene species. The 1.1% natural abundance of 13C in the contaminating S-GII thus 

renders this species spectroscopically insignificant.  

 Interestingly, the IMes analogue was less amenable to synthesis via this route. Initiation 

(i.e. loss of PCy3) is dramatically slower for A-GII than S-GII, a point discussed in more 

detail in Chapter 3. Uptake of the label therefore proved very slow. In NMR-scale reactions 

of A-GII with styrene at 40 °C, yields of the desired A-GIIm reached just 9% after 6 h, with 

11% decomposition. Increasing the temperature of the reaction would undoubtedly accelerate 
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formation of A-GIIm, although it remains unclear whether the extent of decomposition 

would then be prohibitive. In the present work, optimization of the styrene route for the 

synthesis of A-GIIm was not pursued. 

2.4.3. Conclusions 

 The synthesis of *S-GIIm described above, involving cross-metathesis of S-GII with 

labelled styrenes (Route B), is complementary to the approach of Section 2.2 (Route A), in 

which S-GIIm was prepared by ethenolysis of GI, followed by ligand exchange. The key 

difference lies in the nature of the metallacyclobutane intermediate. Route A exploits the 

low-commitment nature of the GI system to minimize the time spent as the unsubstituted 

metallacyclobutane. In Route B, a substituted metallacyclobutane intermediate is present, 

and the greater stability of this species is exploited to gain access to S-GIIm in one step from 

S-GII. This direct route to S-GIIm is useful where lower enrichment is sufficient, but its 

utility is limited by the poor yields and purity relative to Route A.   

The success of route B highlights the important connection between catalyst commitment 

and MCB substitution. Specifically, high-commitment catalysts are vulnerable to 

decomposition when an unsubstituted MCB intermediate is anticipated. This suggests that 

low-commitment catalysts should out-perform high-commitment catalysts when high 

concentrations of ethylene are present, for example during ethenolysis of bio-renewables.  

2.4.4. Experimental Details for Section 2.4  

General Procedures  

Reactions were carried out using standard glovebox techniques at ambient temperature 

(RT; 25–27 °C). Literature procedures were used to prepare the second-generation 

complexes RuCl2(PCy3)(H2IMes)(=CHPh) (GII). NMR spectra were recorded at 23 °C, and 

referenced to the residual proton or carbon signals of the deuterated solvent (1H, 13C), or 

external 85% H3PO4 (31P). Signals are reported relative to TMS (1H and 13C) or 85% H3PO4 

(31P) at 0 ppm. 

Synthesis of 13C-enriched GIIm by CM of GII with 13CH2=CHPh. In the glovebox, a 

100 mL Kontes flask was charged with GII (200 mg, 0.236 mmol) and 20 mL C6H6. Neat 

styrene-β-13C (135 µL, 1.18 mmol, 5.0 equiv) was added, after which the flask was sealed 

and the reaction was stirred at 40 °C. Aliquots were removed periodically for 1H NMR 
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analysis. At 24 h, ca. 40% conversion to *GIIm was evident. The reaction was arrested at 

this stage, as parallel experiments indicated that higher conversions were offset by increased 

decomposition. The solvent was removed under vacuum to yield a brown residue, from 

which styrene was extracted with pentane (4 x 1.5 mL), and the [MePCy3]Cl decomposition 

product was extracted with water (1 x 1.5 mL). Washing with pentane (2 x 1.5 mL) afforded 

47% enriched GIIm as a fine brown powder. Yield 129 mg (67%). 31P{1H} NMR (121.5 

MHz, C6D6): δ 38.3 ppm (d, 2JPC = 8.2 Hz, *GIIm PCy3), 30.1 ppm (s, GII PCy3). 1H NMR 

(300.1 MHz, C6D6): δ 19.65 ppm (s: 52% GII Ru=CHPh),), δ 18.42 ppm (d, 1JHC 158.6 Hz : 

47% *GIIm Ru=CHPh),), 17.53 (d, 1JHC 176.1 Hz 1% unidentified Ru=*CHR).    

 

2.5. Subsequent Advances 

Chapters 3 and 4 of this thesis will present studies of catalyst deactivation enabled by 

access to S-GIIm and A-GIIm, and their labelled isotopologues. Briefly noted here are two 

studies not included in this thesis, aimed at expanding insight into the fundamental behaviour 

of methylidene complexes using non-routine spectroscopic methods: X-ray absorption fine 

structure (EXAFS) spectroscopy and solid-state NMR spectroscopy. 

 Solution-state EXAFS experiments were carried out at the Advanced Photon Source 

(Argonne National Laboratories) to monitor the kinetics of thermolysis for methylidene S-

GIm at ppm levels of ruthenium. These experiments focused on the first-generation 

complex, the symmetry of which facilitated data analysis aimed at identifying the products of 

methylidene deactivation. The preliminary data were featured in a 2012 perspective article 

written by our co-workers R.C. Nelson and J.T. Miller, entitled “An introduction to X-ray 

absorption spectroscopy and its in situ application to organometallic compounds and 

homogeneous catalysts."56 Of particular note was the apparent isosbestic point seen in the 

decay curves, established by monitoring the Ru K-edge (Figure 2.10). This is of keen interest 

in suggesting that, notwithstanding the multiple Ru species reported as decomposition 

products, a single deactivated intermediate is responsible.  
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 Figure 2.10. Ru K-edge XANES spectra obtained for the thermolysis of GIm at 50°C in 
toluene. 

A key question, unanswered at the time the study was suspended, is whether XAFS is 

indeed capable of distinguishing between different organometallic Ru species present in 

these solutions. The X-ray absorption near-edge spectroscopy (XANES) region, which 

extends 50 eV on either side of the edge energy, reports on oxidation state for classical 

inorganic complexes. Whether this is also true for organometallic complexes, in which 

oxidation states are less clear-cut, has not been established. To examine this point, we 

analyzed a Ru(II) dihydrogen complex RuBr2(H2)(PCy3)2, and its Ru(IV) dihydride isomer 

RuBr2(H)2(PCy3)2 (Figure 2.11). Only subtle differences were observed in the XANES 

spectra. Contributions from changes in the coordination number and the ligand set also 

contribute, complicating analysis and rendering definitive assignment of change in oxidation 

state challenging. A comprehensive study that establishes the feasibility and limitations of 

EXAFS for organometallic species would be of significant value to the community. 
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 Figure 2.11. Ru K-edge XANES spectra for dihydride and dihydrogen isomers of 
ruthenium. 

 A long-standing question in the chemistry of GIIm centers on the origin of the low 

phosphine lability of this species, relative to its benzylidene parent. In collaboration with 

Prof. David Bryce of this department, we undertook a solid-state NMR study to gain insight 

into this issue. Examination of the 31P chemical shift tensors revealed an increased Ru–P 

orbital interaction. This work is the subject of a manuscript now in preparation;57 see List of 

Contributions (p. 156). 

 The success of the “free-carbene” ligand exchange reaction used to synthesize GIIm in 

this chapter caused us to re-examine the classical routes to the second-generation Grubbs 

catalyst S-GII. Free H2IMes was used to develop clean, high-yield, room-temperature routes 

to the three key, commercially available second-generation metathesis catalysts: that is, the 

second-generation Grubbs, Hoveyda and indenylidene catalysts (Figure 1.3). This chemistry 

was described in the M.Sc. thesis of Amy M. Reckling,58 and as a 2012 cover article in a 

leading catalysis journal.50 
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Chapter 3. Effect of NHC Saturation on Lifetime and Activity in Olefin Metathesis 

3.1. Context, Objectives, and Overview of Content 

A long-standing, contentious issue in olefin metathesis is the impact of NHC backbone 

saturation. The performance of Grubbs-class catalysts bearing saturated H2IMes and 

unsaturated IMes ligands has been compared, and an early study demonstrated that the 

H2IMes catalyst S-GII exhibits higher phosphine lability than its IMes analogue.1 No such 

comparison, however, has been carried out for the resting-state methylidene complexes 

RuCl2(NHC)(PCy3)(=CH2) GIIm. Given that these species are the thermodynamic resting 

states during catalysis, an improved understanding of their behaviour is critical to an 

appreciation of their roles in both propagation and deactivation. The previous Chapter 

described high-yield, high-purity routes to both the IMes and H2IMes methylidene 

complexes. With these species in hand, we sought to assess the impact of NHC backbone 

unsaturation on the lifetime, lability, and stability of the resting-state species. 

An important early study by Grubbs established that decreasing alkylidene bulk correlates 

with increasing susceptibility to decomposition (that is, loss of the ruthenium alkylidene to 

generate unknown products).2 In thermolysis studies at 55 °C in benzene, the first generation 

methylidene complex GIm was shown to have a half-life of only 40 min. Its benzylidene 

parent, in comparison, had a half-life of 8 days. The methylidene species is thus the most 

abundant, but also the most vulnerable, alkylidene intermediate in the catalytic cycle.  

The greater vulnerability of the methylidene complex underscores the importance of 

understanding its behaviour. As well, the faster deactivation of the methylidene complexes 

offers new opportunities to directly assess differences in catalyst lifetime that are relevant on 

the timescale of catalysis. An important insight from the solid-state NMR study described in 

Chapter 2 (Section 2.5), is the role of the phenyl substituent in aiding release of the PCy3 

ligand. Interactions of the NHC with the benzylidene moiety have also been reported.3 These 

perturbations are absent in the methylidene. By limiting the factors that contribute to 

phosphine lability, it becomes easier to identify the source of the difference.  

As noted in Chapter 1, the NHC ligand is retained throughout the catalytic cycle for 

metathesis. As such, it has a potentially significant impact not only on initiation, but also on 

selectivity and activity. The capacity of this ligand to modulate charge donation may have a 
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profound influence on reaction rates, depending on the rate-limiting step. Appropriate choice 

of the ligand, or combination of ligands, is crucial to maximizing efficiency. The primary 

focus of this chapter is therefore gaining a greater understanding of the impact of the NHC 

ligand on the behaviour of the methylidenes species.  

3.1.1.   Table of Contents Entries (published work only) 

Paradoxically Inhibiting Effect of Strong NHC Donation on Catalyst Initiation: A Showcase 
Example in Olefin Metathesis. Justin A. M. Lummiss, Carolyn S. Higman, Devon L. Fyson, 
Robert McDonald,† and Deryn E. Fogg.* Chemical Science. Submitted.  

 
The influence of NHC saturation (NHC = N-heterocyclic carbene) on lifetime and 

phosphine lability is explored for the methylidene species RuCl2(NHC)(PCy3)(=CH2). This 

complex is the resting state for the second-generation Grubbs catalysts during ring-closing or 

cross-metathesis reactions; that is, the most abundant form of the catalyst present during 

metathesis. The NHC ligands examined are H2IMes (S-GIIm) and its unsaturated analog 

IMes (A-GIIm; IMes = 1,3-dimesityl-4,5-imidazol-2-ylidene). The IMes complex is found 

to exhibit much higher resistance to thermolytic decomposition in all solvents studied (C7D8 

~ C6D6 > CD2Cl2 ~ CDCl3 >> THF-d8). At 40 °C in C6D6, its lifetime is nearly ten times 

longer than that of S-GIIm. For both complexes, stability drops by two orders of magnitude 

at 80 °C, but the half-life for A-GIIm remains significantly longer (2.9 h, vs. 0.4 h for S-

GIIm). Key to this difference is the lower lability of the PCy3 ligand in A-GIIm. 

Crystallographic analysis of A-GIIm and S-GIIm, and of the structures reported for the 

parent benzylidene precatalysts (A-GII, S-GII) reveals no statistical distinction in the Ru–P 

bond distances to account for the stronger phosphine binding in the IMes system. Greater 

insight is afforded by a molecular dynamics study, which reveals much faster Ru–CNHC 

rotation for the IMes ligand, relative to H2IMes, in both GII and GIIm. Greater single-bond 
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character in the Ru–IMes bond (i.e. reduced Ru–CNHC π-backbonding) is consistent with the 

poorer π-acceptor capacity elsewhere reported for unsaturated NHC ligands. A compensating 

increase in Ru–P back-donation is proposed to account for the attenuated lability of the PCy3 

ligand in the IMes derivatives, and hence the slower decomposition observed for A-GIIm. 

Because phosphine loss is also essential for metathesis, however, the advantage of longer 

lifetime for the IMes derivative is offset by slower uptake into the active cycle for catalysis. 

Author Contributions: The manuscript was written by JAML and DEF. Complexes S-

GIIm and A-GIIm were characterized by JAML. Thermolysis studies were carried out by 

JAML, DLF and CSH. Key control experiments were performed by CSH. Molecular 

dynamics studies were performed by JAML. X-ray quality crystals were grown by JAML 

and analyzed by RM.   
 

 

 

3.2. N-Heterocyclic Carbenes in Olefin Metathesis: Assessing and Understanding 

lifetime and stability of the resting-state methylidenes 

3.2.1.  Introduction 

 The extraordinary utility of N-heterocyclic carbenes (NHC) in transition-metal catalysis4-6 

is due in large part to the strong σ-donor character of these ligands.7-9 The contributions of π-

backbonding to metal–NHC interaction have won increasing acceptance.10,11 Even for 

saturated NHCs, however (which are proposed to be stronger π-acids), 12,13 such effects are 

generally regarded as a minor perturbation. An alternative view emerges from a recent 

computational study by Belpassio, Zuccaccia and co-workers, in which the extent of back-

donation was found to be strongly dependent on the ancillary ligands present.14 In a striking 

demonstration of the relevance of this issue to catalysis, the Furstner group showed that the 

outcome of gold-catalyzed reactions was closely tied to the π-acceptor properties of NHC 

ligands.15 

The impact of NHC π-acidity on olefin metathesis is less clear-cut. Comparative studies of 

“second-generation” Grubbs catalysts bearing saturated H2IMes or unsaturated, partially 

aromatic4 IMes (S-GII and A-GII, respectively; Chart 3.1) have not yielded a consensus 

opinion.16-19 Superior activity was described for S-GII in early work,1,20,21 but scattered 

subsequent reports indicated dramatically better performance for A-GII.20,22 To date, these 
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contradictions have not been reconciled, and even the most up-to-date theoretical 

comparisons23 do not account for distinctions between the two complexes. Unsurprisingly, 

given this ambiguity, no correlation has been established between performance and NHC π-

acceptor capacity.  

 
Chart 3.1. The second-generation Grubbs catalysts S-GII and A-GII, and their methylidene 
resting states. 

The present study was motivated by the desire to establish whether fundamental 

differences exist between the IMes and H2IMes systems, and (if so) to understand their basis. 

Where prior work has centered on the benzylidene precatalysts, here we focus more 

particularly on the methylidene complexes GIIm (Chart 3.1).24 The latter are important 

players in catalyst performance because they represent the resting state during metathesis. 

That is, because GIIm is thermodynamically stable relative to both the benzylidene 

precatalyst GII, and other ruthenium species present in the catalytic cycle, its concentration 

builds up during metathesis.  

A potentially key distinction between S-GIIm and A-GIIm lies in their susceptibility to 

decomposition. Recently-developed24 routes to these species enable appropriately detailed 

study. Here we show that A-GIIm is much longer-lived than S-GIIm at all temperatures and 

in all solvents tested, and we relate this stability to increased Ru–P back-donation in A-

GIIm. Stronger phosphine binding limits PCy3 lability, improving stability, but also 

impeding uptake into the productive cycle for olefin metathesis. 

3.2.2.  Results and Discussion 

The thermodynamic stability of GIIm relative to GII and other species in the catalytic 

cycle does not confer stability against non-metathetical reactions. Indeed, the relative steric 

accessibility of the methylidene moiety renders it more vulnerable than its benzylidene 

precursor. Hong and Grubbs demonstrated the susceptibility of isolated S-GIIm to 
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nucleophilic attack by free PCy3 at 55 °C in benzene,25 while we recently reported that 

donors able to displace the PCy3 ligand promote such behaviour.26 In comparing the 

behaviour of S-GII and A-GII under conditions relevant to catalysis, we began by 

establishing baseline rates of decomposition for the methylidene complexes at a range of 

temperatures. 

Thermolytic Degradation 

Initial experiments focused on the thermal stability of S-GIIm and A-GIIm at 60 °C in 

C6D6. Decreases in the proportion of GIIm over time were established by integrating the 

[Ru]=CH2 singlet relative to that for the unsaturated proton of 1,3,5-trimethoxybenzene 

(TMB; 6.26 ppm), used as an internal standard. The half-life of A-GIIm exceeds that of its 

H2IMes analog by nearly an order of magnitude, as shown by the rate curves for 

decomposition in Figure 3.1. A comparable difference was observed at 40 °C (see tabulated 

data at right). The difference dropped to seven-fold at 80 °C, but A-GIIm remains 

significantly longer-lived. 

 
Figure 3.1. Assessing the stability of S-GIIm and A-GIIm at 60 °C (left); half-lives at 
various temperatures in C6D6 (right). NMR experiments: 300 MHz; TMB used as internal 
standard. 

We next examined the impact of solvent on decomposition rates. This is of particular 

interest because initiation of the precatalyst S-GII (for which the rate-determining step is 

PCy3 loss) has been shown to increase in the order toluene < CH2Cl2 < THF,1 but metathesis 

activity follows no consistent trend.17 One probable complicating factor is a solvent-

dependence in the competition for binding between olefin and free PCy3 (for which Chen 

advanced the useful unifying term “commitment”).27 Also plausible, however, is a solvent-

dependent susceptibility to decomposition. In exploring the latter possibility, our chief 

interest lay in the solvents most widely used in metathesis (i.e., dichloromethane, toluene, 
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and benzene). Also considered were CDCl3 and THF-d8, given the convenience of the former 

for NMR measurements, and the impressive initiation efficiency noted above for the latter. In 

these experiments, the proportion of GIIm present after heating for 6 h at 60 °C† was 

measured by 1H NMR analysis (Figure 3.2). As in the thermolysis experiments of Figure 

3.1, TMB was used as an internal integration standard.  

 
Figure 3.2. Assessing the thermal stability of A-GIIm and S-GIIm in common solvents (6 
h, 60 °C; 1H NMR integration vs. TMB). 

For both the IMes and the H2IMes complexes, no distinction in stability was apparent 

between toluene and benzene, although S-GIIm was again much shorter-lived (ca. 38% 

remaining after 6 h, versus ca. 86% for A-GIIm). Likewise, minimal differentiation emerged 

between CD2Cl2 and CDCl3 (ca. 78% remaining for A-GIIm; ca. 28% for S-GIIm). 

Decomposition was only marginally faster in chlorinated media than in the aromatic 

solvents. This is notable in light of early work by Furstner and co-workers demonstrating 

faster olefin isomerization during RCM by A-GII in toluene, relative to CH2Cl2, over a 

similar timescale and lower temperatures (6.5 h at 40 °C).28 As the potential inference of 

faster methylidene decomposition in toluene is evidently unwarranted, the reduced tendency 

toward isomerization in chlorinated solvents may instead result from transformation of 

isomerization-active Ru-H species into the corresponding Ru-Cl complexes.29  

By far most aggressive of the solvents studied was THF, with just 7% A-GIIm remaining 

at 6 h, and no remaining S-GIIm. The dramatically higher susceptibility to decomposition in 

THF implies that the high initiation efficiencies reported in this solvent (approximately 

double those in toluene)1 are offset by rapid deactivation. Several reports indeed describe 

                                                
† The bath temperature was 60 °C. Thermolysis experiments in CD2Cl2 (b.p.760 39.8 °C ) were carried out in 
thick-walled J. Young NMR tubes. 
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low or zero productivity in THF for metathesis reactions mediated by GIIm.30-33 (In sharp 

contrast, Choi and co-workers reported that use of THF as solvent, in place of CH2Cl2, 

greatly improved the rates and yields of cyclopolymerization for the related catalyst 

RuCl2(H2IMes)(py)2(=CHPh).34,35 We attribute the difference to the intermediacy of 

[Ru]=CHR species in the Choi chemistry: these alkylidene species are sterically protected 

from deactivation pathways mediated by nucleophilic attack at the [Ru]=CH2 center).36 

Faster loss of PCy3 in THF undoubtedly contributes to decomposition of GIIm, for 

reasons examined in more detail below. This is insufficient, however, to account for the 

dramatically faster decomposition in THF evident in Figure 3.2. We suggest that the 

deactivation step itself is also accelerated in the higher-dielectric medium. This is consistent 

with formation of a charge-separated Ru species during decomposition of GIIm.25 We 

recently demonstrated that attack of free PCy3 at the methylidene to form a zwitterionic 

intermediate is the “trigger event” in decomposition of S-GIIm.26 

Given that attack by free PCy3 is one of the major decomposition routes for the 

methylidene complexes, we speculated that the longer lifetime of A-GIIm might reflect an 

attenuated PCy3 lability in this complex. Direct examination of lability has not borne fruit to 

date, but indirect evidence points toward more facile loss of PCy3 from the H2IMes 

complexes.† We therefore sought to establish whether decomposition is indeed mediated by 

four-coordinate B, or whether five-coordinate GIIm is also vulnerable. To that end, we 

assayed the impact of added PCy3 (10 equiv) on the rate of decomposition of A-GIIm and S-

GIIm at ambient temperatures (Scheme 3.1). Under these conditions, the equilibrium loss of 

phosphine is strongly inhibited, and five-coordinate GIIm is favoured. No increase in the 

rate of decomposition was observed for either the IMes or the H2IMes systems, despite the 

high concentration of free PCy3 present. Clearly, phosphine attack on the methylidene ligand 

does not involve five-coordinate GIIm, presumably owing to steric constraints. We infer that 

                                                
† The initiation efficiency of S-GIIm and A-GIIm has not been explicitly compared. Sanford, Love and 
Grubbs attempted to measure rates of PCy3 exchange for S-GIIm and related methylidene complexes by 
magnetization transfer, but were thwarted by sample decomposition at the temperatures required. For 
corresponding benzylidene complexes GII, some evidence for reduced phosphine lability in the IMes complex 
comes from the fact that the rate constant for PCy3 loss from A-GII at 50 °C was comparable with that 
measured for S-GII at a temperature 15 °C lower (5 x 10-4 s-1 and 4.6 x 10-4 s-1, respectively. See Ref. (1)
 Sanford, M. S.; Love, J. A.; Grubbs, R. H. J. Am. Chem. Soc. 2001, 123, 6543–6554. 
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the greater resistance of A-GIIm to thermolytic decomposition, relative to S-GIIm, is indeed 

the result of a higher barrier to loss of PCy3 from the IMes derivative. 

 
Scheme 3.1. Evaluating the possibility of PCy3 attack on five-coordinate GIIm. 20 mM 
GIIm; extent of decomposition at 24 h (≤2%) unchanged from that in the absence of added 
phosphine. 

We conclude this section with a practical note of broader relevance. Reported NMR data 

for S-GIIm and A-GIIm are to date confined to values in C6D6. To facilitate identification 

and assignment of these key methylidene complexes in future studies, Table 2 collects the 

diagnostic 1H and 31P{1H} NMR chemical shifts in a range of NMR solvents. Also tabulated, 

for convenience, are values for the corresponding benzylidene complexes, for which 

literature 31P{1H} NMR chemical shifts vary considerably. Referencing each sample 

externally against 85% H3PO4 standard ensured accurate referencing of the latter.  

 Table 3.1. Key NMR data for GIIm and GII derivatives.a 

Solvent dH (Ru=CHR) dp (Ru-PCy3) 

R = H A-GIIm S-GIIm A-GIIm S-GIIm 

C6D6 18.77 18.42 40.8 38.2 

C7D8 18.65 18.29 40.7 38.0 

CD2Cl2 18.09 17.73 39.9 37.1 

CDCl3 18.15 17.78 39.2 36.2 

THF-d8 18.21 17.86 40.3 37.6 

R = Ph A-GII S-GII A-GII S-GII 

C6D6 19.94 19.65 32.0 30.1 

C7D8 19.84 19.55 32.0 30.0 

CD2Cl2 19.38 19.08 32.1 29.9 

CDCl3 19.43 19.13 31.8 29.6 

THF-d8 19.55 19.25 31.9 29.9 
a 300.1 MHz (1H NMR) or 121.6 MHz (31P{1H} NMR); 22 °C. 
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Crystallographic Study 

In the hope of gaining insight into the difference in lability between A-GIIm and S-GIIm, 

we examined their solid-state structures. The instability of these complexes in solution25 can 

be retarded by low-temperature handling, and storage at –35 °C resulted in deposition of X-

ray quality crystals over a period of days for both A-GIIm and S-GIIm•C6D6 (from 

concentrated solutions in toluene or benzene–pentane, respectively). The ORTEP plots are 

shown in Figure 3.3. 

                           
Figure 3.3. Perspective view of (left) A-GIIm; (right) S-GIIm•C6D6. Non-hydrogen atoms 
are represented by Gaussian ellipsoids at the 30% probability level. Hydrogen atoms on 
methylidene and NHC backbone carbons are shown with arbitrarily small thermal 
parameters; other hydrogens are not shown. 

Table 3.2. Key metrical parameters for the GIIm complexes. 

	   A-‐GIIm	   S-‐GIIm	  

non-‐solvated	   •	  C6H6	  

τ parameter 0.19 0.19 0.13 

Bond lengths (Å)    

Ru–P 2.4174(16) 2.427(1) 2.4224(4) 

Ru=C 1.797(7) 1.800(2) 1.7952(19) 

Ru–CNHCNHC
 2.077(5) 2.065(2) 2.0679(16) 

Ru–Cl(1) 2.389(2) 2.393(1) 2.3819(4) 

S-GIIm A-GIIm 
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Ru–Cl(2) 2.381(2) 2.379(1) 2.3870(4) 

Bond angles (°)    

Cl–Ru–Cl 176.99(6) 177.05(2) 174.22(2) 

P–Ru–C(NHC) 165.63(16) 165.81(5) 166.31(5) 

P–Ru=C 97.2(2) 96.90(7) 95.76(6) 

Cl(1)–Ru=C 93.1(2) 92.89(7) 94.11(6) 

Cl(2)-Ru=C 89.9(2) 89.77(7) 91.59(7) 

C(NHC)–Ru=C 97.2(3) 97.29(8) 97.86(7) 
 

While neither structure emerged in searching the Cambridge Crystallographic Data Center 

database, a substructure search revealed non-solvated S-GIIm.37 The three datasets are 

therefore compared in Table 1. All three complexes are unequivocally square pyramidal, as 

indicated by their τ values (ranging from 0.19 to 0.13; cf. τ = 0 for a perfect square pyramid, 

and τ = 1 for a perfect trigonal bipyramid).38† No statistical difference in Ru–CNHC or Ru-P or 

bond distances is evident (Table 1). The latter is especially notable, given the marked 

difference in phosphine lability noted above. In prior work, Nolan and co-workers found 

systematically slightly shorter M–NHC bond distances for saturated NHCs in the 

Cp*RuCl(NHC) system.39 Key bond angles are likewise statistically indistinguishable 

between A-GIIm and S-GIIm. A greater difference (approaching 3° for the Cl-Ru-Cl angle) 

is seen for solvated and non-solvated S-GIIm. This perturbation of the solid-state structure 

by co-crystallized benzene is a harbinger of the potential impact of solvent on the structural 

conformation in solution 

Molecular Dynamics 

 In a recent study of NHC-phosphinidene complexes, Bertrand and co-workers reported 

faster rotation for the unsaturated IPr ligand than its saturated analog (IPr = 1,3-bis(2,6-
iPr2C6H3)-4,5-imidazol-2-ylidene), from which they inferred reduced P=C double-bond 

character in the former.40 Thiele et al. similarly estimated rotational barriers in bis-NHC 

                                                
† Notwithstanding its slightly lower τ value, the benzylidene structure GII exhibits greater distortion. Its 
smaller tau value is an artifact of compensating distortion in the bond angles under comparison. In each of 
GIIm and GII, the Cl-Ru-Cl angle is largest, and the C-Ru-P angle second-largest. Both angles for S-GIIm 
(174.2° and 166.3°, respectively) are less distorted from the 180 ° ideal than those for S-GII (167.7° and 
164.3°, respectively). 
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metathesis catalysts via a molecular dynamics study.41 Here we use exchange spectroscopy 

to compare the ease of rotation about the Ru–CNHC bond in A-GIIm and S-GIIm, and relate 

this to the extent of Ru–CNHC back-donation. 

The IMes backbone carbons appear as two unique signals in room-temperature 13C{1H} 

NMR spectra of A-GIIm (Figure 3.4a), indicating that rotation of the IMes ligand about the 

Ru-CIMes bond is slow on the timescale of these experiments. Similarly, four unique CH3 

singlets, and two unique aryl-CH singlets, are observed for the mesityl groups above and 

below the basal plane. It will be noted that each o-Me and m-CH site within a given mesityl 

ring is equivalent, owing to the presence of a mirror plane along the CNHC–Ru–P axis. The 

same symmetry (and absence of rotation) is found for the H2IMes complex S-GIIm at RT in 

C6D6. 

One-dimensional NOESY experiments, however, reveal exchange between the unique 

mesityl groups of S-GIIm on a 2.0 s mixing time at RT (Figure 3.4b). No such exchange 

was evident for S-GIIm, although exchange could be observed by raising the temperature to 

40 °C (Figure 3.4c). Rotation about the Ru–CNHC bond is evidently much slower for the 

saturated H2IMes ligand, as also found in the Bertrand phosphinidene study.  
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Figure 3.4. Rotational exchange of Mes rings A and B in GIIm. 1D spectra (500 MHz, 
C6D6) after selective irradiation. (a) A-GIIm: NOE enhancement of Me signals in B at RT, 
with slower EXSY enhancement of those in A. (b) S-GIIm: Onset of EXSY enhancement of 
CH signals in A at 40 °C (2-s mixing).†  

The corresponding 2D NOESY correlation spectra for A-GIIm and S-GIIm, and for their 

benzylidene parents A-GII and S-GII, are provided in Figure 3.5. While acquisition is more 

time-consuming (requiring hours instead of minutes), these two-dimensional spectra enable 

simultaneous assessment of all exchange correlations. On the basis of the off-diagonal 

correlations observed, all NHC protons could be unequivocally assigned to sites above or 

below the basal plane of these square pyramidal complexes.  

Lower resolution is apparent in the 1D 1H NMR spectra for A-GII and S-GII, relative to 

their methylidene derivatives. This may reflect the lower symmetry of the complexes, 
                                                
† The initiation efficiency of S-GIIm and A-GIIm has not been explicitly compared. Sanford, Love and 
Grubbs attempted to measure rates of PCy3 exchange for S-GIIm and related methylidene complexes by 
magnetization transfer, but were thwarted by sample decomposition at the temperatures required. See ref. (1)
 Sanford, M. S.; Love, J. A.; Grubbs, R. H. J. Am. Chem. Soc. 2001, 123, 6543–6554. 
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compounded by swiveling of the benzylidene unit. Nevertheless, cross-peaks for exchange 

correlations are seen for A-GII, confirming rotation about the Ru-IMes bond at room 

temperature (Figure 3.5a; 1.5 sec timescale). No such cross-peak is observed for S-GII. 

Rotation is evidently slower for the H2IMes ligand (Figure 3.5b). Observation of this 

behaviour for both GII and GIIm is important in indicating that NHC rotation is unrelated to 

the steric demand of the [Ru]=CHR substituent. Rather, this behavior is general to both the 

Grubbs precatalysts and their resting-state species. 

 

Figure 3.5. Determining exchange correlations for methylidene and benzylidene complexes. 
2D NOESY spectra (1H–1H NMR; C6D6, 500.1 MHz, 25 °C, 1.5 s relaxation delay). (a) For 
the IMes complexes A-GIIm and A-GII. (b) For the H2IMes complexes S-GIIm and S-GII, 
showing the alkyl region (• indicates p-Me, ° indicates o-Me, ^ indicates PCy3).  

Faster rotation of the IMes ligand implies less double-bond character in the Ru-CNHC bond 

for the IMes ligand, relative to saturated H2IMes. This is consistent with prior work showing 

that the unsaturated NHCs are poorer π-acceptors.12 Of particular interest in the present 

context is an energy decomposition analysis of S-GIIm by Poblet and co-workers, which 

demonstrated the π-acidity of the H2IMes ligand.13 (Also of importance, this study suggested 

that the total charge donation to the metal is hence reduced for S-GIIm relative to its IMes 

analog).  
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We propose that the poorer π-acceptor character of the IMes ligand in S-GIIm is 

compensated for by greater back-donation from the metal onto phosphorus, as illustrated in 

Figure 3.6. Harvey and co-workers demonstrated that π-backbonding from the metal atom 

onto the P–R σ*-antibonding orbitals can represent a significant component of metal–

phosphine bonding, including for trialkylphosphine complexes.42 A leading recent review of 

computational approaches to the understanding of metal–phosphorus bonding likewise 

emphasizes that calculated ligand descriptors for phosphine ligands must consider their π-

acceptor character.43 In light of these developments, we suggest that a significant, overlooked 

contribution to the reduced Ru–PCy3 lability in the second-generation Grubbs catalysts 

originates in the potent σ-donor properties of the NHC ligand, which constrains back-

donation onto any π-acceptor ligands present.  

 

Figure 3.6. Illustration of the π-acidity of the H2IMes ligand relative to IMes, and its impact 
on PCy3 lability: (a) σ bonding interactions (b) π bonding interactions. Perspective is looking 
down the ruthenium alkylidene bond. 

 Two key consequences can be envisaged. Most obviously, stronger Ru–P backbonding 

in the IMes complexes would account for the reduced lability of the PCy3 ligand. Slower loss 

of PCy3 would in turn account for the longer lifetime for A-GIIm than S-GIIm. Because 

phosphine dissociation is also required for entry into the active catalytic cycle, however, the 

advantage of longer lifetime is offset by slower initiation for A-GII, and slower re-entry for 

its methylidene resting state. 
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The comparative stereochemical rigidity of the H2IMes ligand, which enhances steric 

pressure exerted by the mesityl ring on the PCy3 ligand, may also contribute to the greater 

lability of the PCy3 ligand in S-GII and S-GIIm. For the IMes system, such pressure can be 

relieved by rotation. Correspondingly, use of an unsaturated NHC ligand may be desirable 

for the metathesis of sterically encumbered olefins, owing to this steric adaptability.  

3.2.3.  Conclusions 

The foregoing reveals a fundamental difference in Ru-CNHC bonding between the IMes 

and H2IMes ligands, with important implications for catalyst design. The poor π-acceptor 

character of the unsaturated NHC ligand results in stronger back-donation from the metal 

onto the PCy3 ligand in the IMes complex, greatly reducing the lability of the PCy3 ligand in 

both A-GII and its methylidene resting state A-GIIm. This accounts for the longer lifetime 

for A-GIIm, relative to its H2IMes analog S-GIIm. Because phosphine dissociation is also 

required for entry into the active catalytic cycle, however, the advantage of longer lifetime is 

offset by slower initiation and re-entry.  

The capacity of the IMes ligand to increase π-backbonding onto a trans-disposed ligand 

has important implications for catalyst design. If high initiation efficiency is desired, the 

“placeholder” ligand sited trans to the NHC group should be a pure σ-donor. The profoundly 

inhibiting effect of a π-acceptor ligand in this site is illustrated above: even for the second-

generation Grubbs catalyst S-GII, this results in PCy3 loss being rate-determining, while it 

results in strikingly low lability for the IMes derivatives. On the other hand, combining the 

non-π-acidic IMes ligand with a pure σ-donor in the trans position would result in higher 

total charge donation to the metal. This should relieve constraints on initiation, while also 

accelerating propagation, owing to stabilization of the four-coordinate intermediate 

RuCl2(NHC)(=CHPh). Thus, the limiting effects of an unsaturated NHC ligand in the 

second-generation Grubbs complexes may be an artifact resulting from the choice of PCy3 as 

an ancillary ligand.   

3.2.4.  Experimental Details for Section 3.2 

General Procedures  

Reactions were carried out using standard glovebox techniques at ambient temperature 

(RT; 25–27 °C). Dry, oxygen-free C6H6 and C7H8 were obtained using a Glass Contour 
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solvent purification system. Pentane was distilled over sodium benzophenone. All NMR 

solvents (Cambridge Isotopes) were stored under N2 over Linde 4 Å molecular sieves for at 

least 6 h prior to use. Internal standards used for 1H NMR quantification were obtained from 

Sigma-Aldrich: dimethyl terephthalate (DMT, >99%), 1,3,5-trimethoxybenzene (TMB, 

>99%). The methylidene complexes A-GIIm and S-GIIm were prepared by literature 

methods.44,45  

 NMR spectra were recorded on a Bruker Avance 300 and 500 NMR at 296 ±1.5 K (unless 

otherwise noted), and referenced to the residual proton/deuteron of the solvent. Signals are 

reported in ppm, relative to TMS (1H) or 85% H3PO4 (31P) at 0 ppm. X-ray quality crystals of 

A-GIIm were grown from toluene-pentane at –35 °C over 48 h, while S-GIIm were from 

benzene-pentane at -35°C over weeks. 

Representative Procedure for Half-Life Measurements. In the glovebox, a J. Young 

NMR tube was charged with GIIm (10.2 mg, 0.0132 mmol), TMB (ca 0.5 mg), and C6D6 

(660 µL). The sample was removed from the glovebox and a 1H NMR spectrum measured to 

establish the GIIm: TMB ratio at t0. The NMR sample was then placed in a 40°C oil bath 

(thermocouple-equipped; ±1.5 °C). The half-life (i.e. the time to reach 50% loss in total 

alkylidene signal) was determined by collecting 1H NMR spectra at regular intervals until 

>50% decomposition had occurred. For representative rate profiles for A-GIIm and S-GIIM 

at 40 °C, 60 °C, and 80 °C, see the Supporting Information.  

Representative Procedure for Thermolysis of GIIm in Typical Metathesis Solvents. In 

the glovebox, a J. Young NMR tube was charged with GIIm (10.8 mg, 0.015 mmol), DMT 

(ca 1.5 mg), and THF-d8 (750 µL). The sample was removed from the glovebox and a 1H 

NMR spectrum measured to establish the ratio of GIIm to DMT at t0. The NMR sample was 

then placed in a 60 °C oil bath (thermocouple-equipped; ±1.5 °C). After 6 h, the 1H and 31P 

NMR spectra were collected and the total alkylidene integration was measured relative to 

internal standard. 
 

3.3. Subsequent Advances 
  Important further advances in this chemistry have been made by Adrian Botti of this 

research group. Outstanding questions and opportunities will be discussed in Chapter 6 

(Conclusion and Future Work). 
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Chapter 4. Donor-Induced Deactivation of the Grubbs Catalysts 

4.1. Context, Objectives, and Overview of Content 

 The functional-group tolerance of metathesis catalysts is an important issue, particularly 

for the commercial applications, which are the ultimate proving ground for any synthetic 

methodology. An important early review by Armstrong examined the functional-group 

tolerance of the Schrock molybdenum catalyst Mo-1 and the first-generation Grubbs catalyst 

GI (Chart 4.1).1 Subsequent reviews by Eustache2 and Verpoort3 considered the second-

generation Grubbs and Hoveyda catalysts, S-GII and S-HII. We recently published a 

comprehensive overview in which functional-group tolerance was considered from a new 

perspective, defined by the proximity of the functional group to the metal.4 Directly-

functionalized olefins (an area of increasing interest from the perspective of reaction scope, 

including tandem catalysis) were treated as one category, given the significant influence of 

substitution on the reactivity of the double bond, and olefins bearing allylic, homoallylic, or 

more remote functionalities were treated as another. The latter group was further divided into 

two major classes: Bronsted acids and Lewis bases. In general, the molybdenum catalyst 

Mo-1 (Chart 4.1) was shown to tolerate Lewis donors to a greater extent than has been 

appreciated, but poor tolerance for Bronsted acids. The dominant ruthenium catalysts 

exhibited the opposite pattern of behaviour. They proved vulnerable to a wide range of donor 

groups (sulfides, amides, amines, ethers, carbonyls, etc.) The capacity for chelation was a 

strong correlative for problems, particularly for weak oxygen donors, which were otherwise 

well tolerated. The work described in this Chapter focused on amines, as the most 

problematic of the Lewis donors encountered, and as a key structural element in many 

metathesis targets. 

 
Chart 4.1. Key metathesis catalysts. 
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 Amine groups are ubiquitous in biologically- and medicinally-relevant compounds, and 

are therefore widespread in target-driven metathesis. Recent reports from pharma, however, 

highlight NH-containing contaminants as problematic for metathesis.5,6 The success and 

failure of metathesis reactions involving amine-bearing substrates was analyzed by Compain 

in a seminal 2007 review.7 He pointed out that bulky amines,8,9 or ones in which adjacent 

electron-withdrawing groups attenuate basicity,10 are in fact generally well tolerated in Ru-

catalyzed metathesis. From an inorganic perspective, this suggests that binding to the metal 

may be the underlying problem, but it is unclear whether this impedes catalysis because of 

(e.g.) competition with olefin for binding, or base-enabled catalyst deactivation. A deeper 

understanding of the organometallic chemistry of amines with the Grubbs catalysts was 

therefore sought.  

 It should be noted that this approach complements current strategies focusing on 

protection of the amine group using Lewis11 or Bronsted12,13 acids, or (ideally) as the 

ammonium salts.14-17 Protection as amide, carbamate, or sulfonamide derivatives is also 

common but often less effective, owing to the potential for carbonyl chelation. All such 

protection /deprotection approaches, however, require additional steps, which add to solvent 

and reagent costs, among others, and degrade yields. An improved understanding of the 

limiting effect of amines on catalyst performance can thus be regarded as an investment in 

rational design of next-generation catalysts with improved functional-group tolerance. 

 With these goals in mind, Section 4.2 of this Chapter examines whether amine-induced 

deactivation in the second-generation Grubbs system involves attack on the methylidene 

complex S-GIIm, its metallacyclobutane derivative, or the benzylidene precatalyst S-GII. 

These findings highlight the methylidene species as the Achilles heel. Section 4.3 explores 

the underlying mechanistic behaviour, identifies the kinetically relevant step, and proposes 

“donor-induced deactivation” as a potentially general pathway. The initial findings with 

pyridine and GIm are expanded in Section 4.4, which demonstrates the relevance of this 

deactivation pathway for other amines, including those discussed in Section 4.2. 
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4.1.1.   Table of Contents Entries (published work only) 

Amine-Mediated Degradation in Metathesis via the Second-Generation Grubbs Catalyst. 

Justin A.M. Lummiss, Benjamin J. Ireland, Jacob M. Sommers, and Deryn E. Fogg.* 

ChemCatChem 2014; 2, 459–463. 

 

 
 Amine-mediated decomposition during metathesis reactions promoted by the second-

generation Grubbs catalyst is studied. For most amines, the dominant deactivation pathway 

involves ejection of the PCy3 ligand by amine, followed by abstraction of the methylidene 

moiety from the resting-state species RuCl2(H2IMes)(PCy3)(=CH2) as [MePCy3]Cl. An 

exception is highly basic DBU, which is slow to degrade the resting-state methylidene 

complex, and for which the phosphonium byproduct is not observed. However, DBU is 

shown to rapidly attack a species generated during catalysis, most probably the 

metallacyclobutane intermediate. 

Author Contributions: BJI carried out all experiments with the benzylidene precatalysts. 

BJI (with DEF) wrote the sections of the manuscript relating to these compounds; the 

remainder of the manuscript was written by JAML and DEF. All reactions involving the 

methylidene complex S-GIIm and the in situ-generated metallacyclobutane intermediate 

were performed by JAML. JMS aided BJI and JAML with replication of data for publication. 

Of the benzylidene derivatives, the DBU adduct of S-GII was prepared and characterized by 

JAML, the pyrrolidine and morpholine adducts by BJI.  
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Donor-Induced Decomposition of the Grubbs Catalysts: An Intercepted Intermediate. Justin 

A.M. Lummiss, William L. McClennan, Robert McDonald, and Deryn E. Fogg.* 

Organometallics. 2014; 33, 6738-6741. 

 

 
 σ-Alkyl species RuCl2(CH2PCy3)(py)3 Ru-6 is intercepted on adding pyridine to the first-

generation Grubbs catalyst GI during RCM, or to the isolated resting-state species GIm. 

Complex Ru-6 is formed by pyridine-induced displacement of PCy3, and nucleophilic attack 

of the liberated PCy3 on the methylidene carbon. The rapid, near-quantitative conversion of 

GIm into Ru-6 indicates that nucleophilic attack by PCy3 is the primary deactivating event. 

Once formed, Ru-6 decomposes more slowly via several competing pathways. One such 

pathway involves elimination of the σ-alkyl ligand as [CH3PCy3]Cl following proton and 

chloride abstraction. Observation of nearly 80% Ru-6 during RCM by GI in the presence of 

pyridine confirms the relevance of this behaviour to metathesis, and implicates the resting-

state methylidene GIm as the vulnerable species, rather than the metallacyclobutane 

intermediate. Any donor capable of displacing PCy3 and stabilizing a five-coordinate 

methylidene adduct is predicted to trigger the same deactivation sequence, steric factors 

permitting. 

Author Contributions: The manuscript was written by JAML and DEF; WLM aided in 

establishing the literature context. Complex Ru-1 was synthesized and characterized by 

JAML. Select control reactions, and the experiment confirming formation of Ru-1 during 

RCM, were performed by WLM. X-ray crystallographic analysis was carried out by RM. 
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4.2. The Role of Amine Contaminants in Impeding Metathesis by the Second-

Generation Grubbs Catalyst 

4.2.1.  Introduction 

 The deleterious impact of primary and secondary amines in Ru-catalyzed olefin metathesis 

is widely accepted.18 Substrates bearing such functionalities are normally protected to 

circumvent anticipated problems,19 while traces of DBU (1,8-diazabicyclo[5.4.0]undec-7-

ene), morpholine, and other amine impurities have been shown to impair RCM yields in 

optimization campaigns in pharmaceutical R&D.5,6 In an important study by the Moore 

group (Scheme 4.1), the first-generation Grubbs catalyst was shown to rapidly decompose in 

neat H2NnBu at RT, while the second-generation catalyst S-GII was converted into an 

isolable bis-amine adduct with marginal RCM activity (RCM = ring-closing metathesis).20 

Other catalysts containing secondary or tertiary amines are reported to function with lower 

RCM efficiency than the parent systems; it is unclear whether poisoning by released amine 

may contribute.21-26 

 

Scheme 4.1. Reported reaction of Grubbs catalysts with n-butylamine. 

 Against this, it should be noted that pyridine adducts of GII27 (but not GIIm)† are superb 

initiators for ring-opening metathesis polymerization (ROMP).30 Further, Compain has 

pointed out that substrates bearing bulky amines are often well tolerated in RCM and CM.18 

Here we sought greater insight by examining amines that have been specifically highlighted 

as detrimental to metathesis, in reports from academia and industry (see N1-N4, Figure 4.1). 

We assessed their impact on key species present in the life cycle of the second-generation 

                                                
† Ru-methylidene complexes are decomposed by pyridine (py), as originally reported by Werner and co-
workers. Thus, adding pyridine to RuHCl(CO)(PiPr2Ph)2(=CH2) effected transformation into 
RuHCl(CO)(PiPr2Ph)2(py). See Ref. (28). Similarly, Hong and Grubbs reported that addition of excess py to 
GII=CH2 resulted in formation of RuCl2(H2IMes)(py)3 (29% isolated yield) and [MePCy3]Cl (not quantified). 
See Ref. (29). 
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Grubbs catalyst: that is, the benzylidene precatalyst S-GII, its methylidene resting state S-

GIIm, and the metallacyclobutane intermediates MCB-S-GII. Key questions were the 

relative contribution of each to catalyst deactivation during metathesis, and the influence of 

amine bulk and basicity. 

4.2.2.  Results and Discussion 

 Treating S-GII with 10 equiv n-butylamine N1 in C6D6 at RT resulted in rapid formation 

of an amine adduct assigned as Ru-1(N1) on the basis of the Moore report (Scheme 4.2).20 

While Ru-1(N1) dominated the 1H NMR spectrum (90% at 5 min), the singlet for S-GII 

persisted over time, indicating an equilibrium mixture. Both signals diminished on standing, 

with 50% loss vs. internal standard by 3.5 h. Of keen interest is the fate of the benzylidene 

moiety. We identify PhCH2NHnBu 1 as the major organic product (60% at full 

decomposition) by comparison with an authentic sample. The pathway is discussed below. 

 

Figure 4.1. Catalyst species derived from S-GII, and amines studied. 

 
Scheme 4.2. Equilibrium reactions of GII with amines N1-N4 (C6D6, RT): see Figure 4.2a. 

 The corresponding reactions of S-GII with the bulkier amines pyrrolidine (N2), 

morpholine (N3) and DBU (N4) proceeded more slowly (hours) to yield products that proved 

stable in solution at RT. The equilibrium yields at 24 h are controlled by a balance of amine 

basicity† and bulk: thus, 94% for pyrrolidine adduct Ru-2(N2), 60% for morpholine adduct 

Ru-2(N3), and 75% for DBU adduct Ru-2(N4). We were able to isolate these complexes by 
                                                
† Reported pKa values for the conjugate acids in acetonitrile: n-butylamine a: 18.3; pyrrolidine b: 19.6; 
morpholine c: 16.6; DBU d, 24.1; cf. 12.6 for pyridine. See Ref. (31). 
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carrying out the reaction in hexanes, from which they precipitate as a green powder in ca. 70-

80% yield. A mono-amine structure is indicated by NMR and combustion analysis in each 

case, indicating that the increased bulk of these amines relative to H2NnBu inhibits binding of 

two amine ligands. The DBU ligand is presumed to bind via the sp2-N on the basis of prior 

reports. Despite the widespread perception of DBU as a non-nucleophilic base, a number of 

late-metal DBU complexes have been reported. 32-35 

 To assay the stability of these species, we heated the equilibrium mixtures (containing S-

GII, Ru-2, and excess amine) at 60 °C for 24 h. As shown in Figure 4.2a, ca. 95% of the 

total alkylidene integration remained at 24 h for each of N2-N4. No benzylamine by-product 

corresponding to 1 was observed. Given this sensitivity to amine bulk, as well as the stability 

of Ru-2, we propose that decomposition of Ru-1a proceeds via nucleophilic attack by the 

primary amine N1 on the benzylidene carbon, rather than the elimination pathways seen for 

alkoxide and aryloxide derivatives.†‡ Precedents exist for nucleophilic attack of phosphines 

at the [Ru]=CHPh moiety.41,42 

 
Figure 4.2. Stability of S-GII, vs. instability of S-GIIm, to amines N1-N4. (a) S-GII + 10 
amine, 60 °C; total alkylidene integration at 24 h (see Scheme 4.2). (b) S-GIIm + 1.1 amine 
at RT and 60 °C (see Scheme 4.3); first half-life, unless >24 h. 
                                                
† These and prior findings highlight the susceptibility of the [Ru]=CHR unit to nucleophilic attack. In related 
work focusing on decomposition of a phenyl-functionalized NHC, Blechert and co-workers proposed that the 
benzylidene carbon itself can function as a nucleophile. This pathway was observed only in the presence of 
atmospheric oxygen. See Ref. (36). 
‡ Such pathways could include α-abstraction from bound N1, followed by reductive elimination of 1, or 
alternatively, β-elimination from bound N1, hydride migration to benzylidene, and reductive elimination of 1. 
For related pathways involving GI or GII and aryloxide or alkoxide ligands, see the following. α-Abstraction 
from aryloxides: See Ref. (37) and (38). β-Elimination from alkoxides (either preformed or generated in situ 
from primary alcohols): See Ref. (39) and (40). 
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 Recently developed, high-yield routes to methylidene S-GIIm43 enable us to directly 

examine the sensitivity of this species to amines (Scheme 4.3; Figure 4.2b). Again, rates of 

degradation were gauged from decreases in the intensity of the methylidene signals for S-

GIIm and its amine adducts vs. internal standard. Decomposition was much faster than for 

the parent benzylidene S-GII, even using a single equivalent of amine at room temperature. 

We attribute the greater susceptibility of the methylidene complexes to their diminutive 

steric shielding, and the higher electrophilicity associated with the absence of carbon 

substituents. The inverse dependence on amine size was maintained. Thus, 50% S-GIIm was 

lost within 12 min for H2NnBu N1 1.5 h for pyrrolidine N2, 14 h for morpholine N3, and >24 

h for DBU N4. Even at 60 °C, DBU was relatively innocuous, despite its high31 basicity: the 

first half-life of 127 min was only slightly less than S-GIIm alone (144 min at 60 °C). This 

highlights a steric impediment to decomposition for N4 not seen for N1–N3. We infer that 

nucleophilic attack by PCy3 occurs predominantly on five-coordinate Ru-3(N4), rather than 

the four-coordinate, amine-free active species. Reactions at 60 °C show the same trend: these 

experiments are important in establishing baseline values from which we can assess the 

contribution of MCB species to degradation by N1–N4 during RCM (see below). 

 
Scheme 4.3. Reaction of S-GIIm with amines N1-N4 (C6D6); see Figure 4.2b. 

 For all amines, decomposition of S-GIIm yielded the phosphonium chloride [MePCy3]Cl 

P1 as the sole 31P-containing product at RT, as judged by NMR analysis (see SI). This salt, a 

marker for nucleophilic attack of PCy3 on the methylidene carbon, was originally reported by 

Hong and Grubbs after heating S-GIIm at 55 °C29 (the thermal treatment being essential to 

overcome the low lability of the phosphine ligand in this species). It was also observed as a 

by-product on treating S-GIIm with pyridine. In the present study – as indeed in the pyridine 

experiments – the free phosphine is liberated by ligand exchange with amine. The striking 

rapidity of this decomposition pathway for amines N1/N2 is consistent with the greater steric 

accessibility of the Ru=CH2 carbon in Ru-3.† We cannot exclude the possibility of some 

competing attack of amine at the [Ru]=CH2 site, as the methylamine signals would occupy a 
                                                
† Faster exchange with these smaller amines (and hence faster generation of free PCy3) may also contribute. 
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crowded region in the 1H NMR spectra, but the large proportion of [MePCy3]Cl P1 indicates 

that attack by phosphine dominates. This surprising preference is under further study. 

 Lastly, we assessed the amine-sensitivity of the Ru species (including, most importantly, 

MCB intermediates)‡ generated under conditions of catalysis. These experiments were 

carried out by equilibrating solutions of S-GII and the amine adducts Ru-2 at 60 °C, then 

adding α,ω-diene 2 (Scheme 4.4). Macrocyclization of 2 is sufficiently challenging to 

conscript a significant proportion of the catalyst charge before diene is completely 

consumed. NMR spectra were acquired to >95% decomposition of the starting catalyst 

charge (Figure 4.3). In all cases, catalyst decomposition is much faster than in the control 

RCM experiment with no added amine (see dotted line).  

 
Scheme 4.4. Amine-induced decomposition during RCM of 2: dominant pathways for attack 
of various amines on methylidene vs. MCB intermediates. 

 For N1–N3, the [MePCy3]Cl signal accounts for the majority of the final 31P NMR 

integration (N1/N3: 95%; N2: 75%), indicating that decomposition occurs chiefly via the 

methylidene pathway seen above: that is, attack of free PCy3 on the [Ru]=CH2 moiety. The 

experiments with N1/N2 showed slower catalyst decomposition during RCM than with 

isolated S-GII or S-GIIm, owing to the capacity of these good donor amines to trap the four-

coordinate active intermediates (as, e.g., Ru-4). Longer lifetime thus comes at the cost of 

catalyst productivity. For N3, decomposition was slightly faster for the catalytic system, 

probably because amine binding aids in initiation, but the weaker donor ability of 

morpholine limits its capacity to trap out the active species. The catalyst thus spends a 

                                                
‡ NMR signals for the MCB intermediates are not observable in the presence of PCy3. Such species have only 
been observed for phosphine-free catalysts at low temperatures. See, for example, Ref. (44) and (45).  
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greater proportion of time in the MCB state, which contributes more to decomposition in 

consequence. 

 

 
Figure 4.3. Rates of decomposition of catalytic intermediates (open circles), vs. isolated S-
GIIm (solid squares), by amines N1-N4. Dotted line indicates control RCM experiments 
with no amines. Conditions: 60 °C, C6D6; 1.1 equiv N1-N4; 200 mM 2 (for RCM 
experiments).  

Very different results are observed for DBU N4. Firstly, no [MePCy3]Cl is generated. 

Instead, the dominant 31P NMR signal is that for free PCy3 (84%, the balance being due to 

unidentified products). Secondly, decomposition is essentially immediate, with complete 

annihilation of all alkylidene signals within 5 min. This is in stark contrast to the timescale of 

hours or days (respectively) shown above for DBU-induced decomposition of S-GIIm or S-

GII at 60 °C. Both lines of evidence indicate attack on a species generated predominantly 

during catalysis. This argues against the involvement of either S-GIIm or its four-coordinate, 

phosphine-free intermediate, which is accessible at elevated temperatures. A more likely 

culprit may be the ruthenacyclobutane MCB. Given the steric constraints implied by the 

resistance of S-GIIm to attack by DBU, we suggest that DBU may preferentially attack the 
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β-CH2 of the unsubstituted ruthenacyclobutane (the lowest-energy,†46 and hence most 

abundant MCB). The extreme rapidity of attack (particularly compared to N1–N3) points 

toward the high Bronsted basicity of DBU as a factor, and a deprotonation event may thus be 

involved in or before the rate-determining step. 

4.2.3.  Conclusions 

 The foregoing sheds new light on the degradation of the second-generation Grubbs 

catalyst by unprotected amines. Different decomposition pathways are operative for the 

benzylidene precatalyst, its resting-state methylidene derivative, and the ruthenacyclobutane 

intermediates. For most amines studied, however (both primary and secondary), we find that 

the methylidene is the major vector for decomposition during “live” RCM reactions. The 

exception is highly basic DBU, for which attack on the ruthenacyclobutane intermediate 

effects complete catalyst destruction within minutes at 60 °C (vs. days or hours for S-GII or 

S-GIIm under the same conditions). This underscores the point that the effects of basicity 

can be tempered by bulk, and that it is the combined bulk of the amine and [Ru]=CHR 

moiety that is critical. Thus, the substituted alkylidene in S-GII is not decomposed by 

secondary amines or sp2-N centers (DBU, pyridine), instead undergoing ligand exchange to 

form nitrogen adducts. Unencumbered primary amines, however, are sufficiently small to 

attack at the [Ru]=CHPh carbon, inducing loss of the benzylidene functionality as 

NHR(CH2Ph). 

 Decomposition of the resting-state species S-GIIm involves nucleophilic attack on the 

methylidene carbon. Unexpectedly, attack involves not amine, but free PCy3, which abstracts 

the methylidene moiety (inter alia) as [MePCy3]Cl P1. The basis for this preference is the 

subject of further study. Noteworthy, however, is the fact that the deleterious effect of amine 

is manifested even with a single equivalent of amine; that it is due to the liberation of PCy3 

via ligand exchange; and that exchange with S-GIIm occurs even at room temperature, 

despite the low phosphine lability normally characteristic of GIIm. From this perspective, 

GII is seen to be burdened with a latent poison, which is activated toward destruction of its 

methylidene resting state (the dominant species present during RCM and CM) by any Lewis 

                                                
† NMR signals for the MCB intermediates are not observable in the presence of PCy3. Such species have only 
been observed for phosphine-free catalysts at low temperatures. See, for example, Ref. (44) and (45). 
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base that can compete for binding to Ru. Phosphine-free catalysts – still greatly underused in 

RCM reactions – may thus be inherently more robust in applications where adventitious 

donors abound. The greater stability of the [Ru]=CHR entity (R ≠ H) would also account for 

the relative robustness of ROMP reactions, which are propagated by alkylidene, rather than 

methylidene intermediates. 

4.2.4.  Experimental Details for Section 4.2 

General Procedures  

 Reactions were carried out in an N2-filled glovebox. Dry, oxygen-free solvents were stored 

under N2 over Linde 4 Å molecular sieves. Benzene-d6 (Cambridge Isotopes) was degassed 

by consecutive freeze/pump/thaw cycles and stored over 4 Å molecular sieves for at least 6 h 

prior to use. Amines were obtained from Alfa Aesar (n-butylamine N1, 99%), Sigma-Aldrich 

(pyrrolidine N2, >99%; morpholine N3, >99.5%), or Acros (DBU, 1,8-

diazabicyclo[5.4.0]undec-7-ene N4, 98%). Morpholine (twice-distilled and packaged under 

N2) was used without purification; other amines were freeze/pump/thaw-degassed on receipt, 

and stored under N2 to prevent contamination by hydrates, oxides, etc., which would reduce 

amine nucleophilicity. Amine purity was confirmed by NMR analysis. Trimethoxybenzene 

(TMB, Sigma-Aldrich) and N-benzyl-n-butylamine 1 (Alfa Aesar, 98%) were used as 

received. Literature methods were used to prepare S-GII,47 methylidene complex S-GIIm43 

and diene 2.48 

 NMR spectra were recorded at probe temperatures of 23 ±1.5 °C or 60 ±0.1 °C, and 

referenced to the residual proton or carbon signals of the deuterated solvent (1H, 13C NMR), 

or external 85% H3PO4 (31P). Signals are reported in ppm relative to TMS (1H, 13C) or 85% 

H3PO4 (31P) at 0 ppm. Half-lives were determined by collecting 1H NMR spectra for 1.5 min 

at regular intervals. Time zero was either the time of mixing, or (for heated reactions) the 

time of heating. Each time-point indicated is the time at which the acquisition was started. 

 Reactions of S-GII with Amines N1–N4. In these experiments, the total benzylidene 

integration was measured vs. internal standard after 24 h at RT. Where >50% loss was 

evident at 24 h (i.e. for reactions of n-butylamine N1); rate profiles were generated to 

measure the first half-life. The reaction of S-GII with n-butylamine was followed to >99% 
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loss of alkylidene to measure the proportion of N-benzyl-n-butylamine formed (see below). 

A representative procedure is provided below.  

 Representative Procedure for Single Time-Point Reactions. In the glovebox, a J. 

Young NMR tube was charged with S-GII (10.8 mg, 0.0127 mmol), TMB (ca. 1.0 mg), and 

0.64 mL C6D6, to give a solution 20 mM in Ru. The sample was removed from the glovebox 

and a 1H NMR spectrum measured to establish the S-GII : TMB ratio at t0. The NMR tube 

was returned to the glovebox and DBU (19.0 μL, 0.127 mmol, 10 equiv) was added. The 

sample was shaken vigorously, then removed to a 60 °C oil bath (thermocouple-equipped; 

±1.5 °C). For RT experiments, samples were stored at ambient temperature (23 °C ±1.5 °C). 

At 24 h, 1H and 31P NMR spectra were collected. 

 Representative Procedure for Half-Life Measurements. In the glovebox, a Rotoflo 

NMR tube was charged with S-GIIm (10.1 mg, 0.0131 mmol), trimethoxybenzene (TMB; 

ca. 1 mg), and 0.65 mL C6D6. The sample was transferred to an NMR probe preheated to 60 

°C, the starting S-GII:TMB ratio was measured, amine N2 (1.2 µL, 0.0144 mmol, 1.1 equiv) 

was injected, and the puncture was immediately sealed with tape. The sample was shaken for 

1 min and returned to the spectrometer; a stopwatch was started, and spectra were collected 

until loss of alkylidene signals was complete. 

 RuCl2(H2IMes)(HNC4H8)(=CHPh), Ru-2(N2). Pyrrolidine (N2: 150 µL, 130 mg, 1.83 

mmol) was added to a stirred pink suspension of S-GII (150 mg, 0.177 mmol) in 10 mL 

hexanes. The suspension turned brown within 5 min, and dark green over 18 h. At 18 h, the 

suspension was filtered off, and the resulting green solid was washed with hexanes (3 x 3 

mL). Yield after drying in vacuo: 76 mg (67%). 1H NMR (C6D6, 300.3 MHz): δ 19.67 (s, 

1H, [Ru]=CH), 8.33 (d, 3JHH = 7 Hz, 2H, Ph, o-CH), 7.31 (t, 3JHH = 7 Hz, 1H, Ph, p-CH), 

7.10 (t, 3JHH = 7 Hz, 2H, Ph, m-CH), 6.98 (s, 2H, Mes m-CH), 6.43 (s, 2H, Mes m-CH), 3.53-

3.41 (m, 2H, NHC CH2), 3.41-3.21 (m, 3H, N2 NH; NHC CH2), 2.81 (s, 6H, Mes o-CH3), 

2.49-2.36 (m, 2H, N2 NCH2, 2.32 (s, 6H, Mes o-CH3), 2.19 (s, 3H, Mes p-CH3), 2.15-2.03 

(m, 2H, N2 NCH2), 1.98 (s, 3H, Mes p-CH3), 1.22-1.05 (m, 2H, N2 NCH2CH2), 0.81-0.63 

(m, 2H, N2 NCH2CH2). 13C{1H} NMR (C6D6, 75.5 MHz): δ 302.1 (s, Ru=CH), 222.9 (s, 

CNHC), 152.7 (s, Ph, Ci), 140.8 (s, Mes, o-C), 138.7 (s, Mes, p-C), 137.8 (s, Mes, p-C), 137.6 

(s, Mes, o-C), 137.0 (s, Mes, i-C), 135.1 (s, Mes, i-C), 130.1 (s, Ph o-CH), 129.6 (s, Mes m-

CH), 129.5 (s, Mes m-CH), 128.8 (s, Ph p-CH), 128.5 (s, Ph m-CH), 51.4 (s, NHC CH2), 
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50.3 (s, NHC CH2), 46.7 (s, N2 HNCH2), 24.8 (s, N2 NCH2CH2), 21.0 (br, Mes o-CH3, p-

CH3), 18.5 (s, Mes, o-CH3). IR (ATR, cm-1): ν(N-H) 3242. Anal. Calcd. for C32H41N3Cl2Ru: 

C, 60.09; H, 6.46; N, 6.57. Found: C, 59.83; H, 6.22; N, 6.49. 

 RuCl2(H2IMes)(HNC4H8O)(=CHPh), Ru-2(N3). Prepared as for Ru-2(N2). Yield: 78%. 
1H NMR (C6D6, 500.1 MHz):  δ 19.74 (s, 1H, [Ru]=CH), 8.33 (d, 3JHH = 8 Hz, 2H, Ph, o-

CH), 7.30 (t, 3JHH = 8 Hz, 1H, Ph, p-CH), 7.09 (t, 3JHH = 8 Hz, 2H, Ph, m-CH), 6.86 (s, 2H, 

Mes, m-CH), 6.41 (s, 2H, Mes, m-CH), 3.47-3.39 (m, 2H, NHC CH2), 3.33-3.24 (m, 2H, 

NHC CH2), 3.19 (d, 3JHH = 12 Hz, 2H, OCH2), 3.14 (t, 3JHH = 12 Hz, 1H, NH), 3.05-2.91 (m, 

2H, NCH2), 2.76 (s, 6H, Mes, o-CH3), 2.58 (td, 3JHH = 12 Hz, 2JHH = 3 Hz, 2H, OCH2), 2.30 

(s, 6H, Mes, o-CH3), 2.06 (s, 3H, Mes, p-CH3), 1.97 (s, 3H, Mes, p-CH3), 1.76 (d, 2H, 3JHH = 

12 Hz, NCH2). 13C{1H} NMR (C6D6, 125.8 MHz): δ 304.2 ([Ru]=CH), 221.9 (CNHC), 152.1 

(s, Ph, Ci), 140.9 (s, Mes, o-C), 138.8 (s, Mes, p-C), 137.9 (s, Mes, p-C), 137.6 (s, Mes, o-C), 

136.8 (s, Mes, i-C), 134.7 (s, Mes, i-C), 130.2 (s, Ph, o-CH), 129.6 (s, Mes, m-CH), 129.5 (s, 

Mes, m-CH), 129.1 (s, Ph, p-CH), 128.7 (s, Ph, m-CH), 67.4 (OCH2), 51.4 (NHC CH2), 50.2 

(NHC CH2), 45.0 (HNCH2), 21.0 (s, Mes, o-CH3), 20.9 (br s, Mes, p-CH3), 18.5 (s, Mes, o-

CH3). IR (ATR, cm-1): ν(N-H) 3213. Anal. Calc'd. for C32H41N3OCl2Ru: C, 58.62; H, 6.30; 

N, 6.41. Found: C, 58.84; H, 6.37; N, 6.28. 

 RuCl2(H2IMes)(DBU)(=CHPh), Ru-2(N4). Prepared as for Ru-2(N2), at 60 °C. Yield: 

76%. 1H NMR (C6D6, 500.1 MHz, 328 K): δ 19.95 (s, 1H, [Ru]=CH), 8.45 (br s, 2H, Ph, o-

CH), 7.33 (t, 3JHH = 8 Hz, 1H, Ph, p-CH), 7.11 (t, 3JHH = 8 Hz, 2H, Ph, m-CH), 7.00 (s, 2H, 

Mes, m-CH), 6.48 (s, 2H, Mes, m-CH), 3.56 (t, 3JHH = 10 Hz, 2H, NHC CH2), 3.39 (t, 3JHH = 

10 Hz, 2H, NHC CH2), 2.86 (s, 6H, Mes, o-CH3), 2.80 (br s, 2H, DBU, CH2), 2.39 (br s, 2H, 

DBU, CH2), 2.37 (br s, 2H, DBU, CH2), 2.36 (br s, 6H, Mes, o-CH3), 2.25 (s, 3H, Mes, p-

CH3), 2.03 (s, 3H, Mes, p-CH3), 1.98 (br s, 2H, DBU, CH2), 1.70-1.00 (br m, 6H, DBU, 

CH2), 0.92 (br s, 2H, DBU, CH2). 1H-13C HMQC NMR (CDCl3, 75.5 MHz, 296 K): δ 305.1 

([Ru]=CH, major), 297.9 ([Ru]=CH, minor). 13C{1H} NMR (C6D6, 125.8 MHz, 328 K): δ 

304.6 (br s, [Ru]=CH), 224.2 (br s, CNHC), 164.5 (br s, DBU, C=N) 152.9 (s, Ph, Ci), 141.0 

(s, Mes, o-C), 138.3 (s, Mes, o-C), 138.0 (s, Mes, p-C), 137.7 (s, Mes, i-C), 137.6 (s, Mes, p-

C), 136.5 (s, Mes, i-C), 130.8 (s, Ph, o-CH), 129.9 (s, Mes, m-CH), 129.8 (s, Mes, m-CH), 

128.5 (s, Ph, p-CH), 128.1 (s, Ph, m-CH), 52.8 (s, DBU, CH2), 51.8 (s, NHC CH2), 50.6 

(NHC CH2), 48.0 (s, DBU, CH2), 36.5 (s, DBU, CH2), 29.4 (s, DBU, CH2), 27.9 (s, DBU, 
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CH2), 26.1 (br s, DBU, CH2), 22.9 (s, DBU, CH2), 21.1 (s, Mes, p-CH3), 21.05 (s, Mes, p-

CH3), 20.96 (s, Mes, o-CH3), 18.7 (s, Mes, o-CH3). Anal. Calc'd. for C37H48N4Cl2Ru: C, 

61.66; H, 6.71; N, 7.77. Found: C, 61.56; H, 6.99; N, 7.79. 
 

4.3. Intercepting a Key Intermediate in Donor-Induced Decomposition 

4.3.1.  Introduction 

 Olefin metathesis is now a core tool in organic synthesis.49,50 With industrial applications 

of the molecular metathesis catalysts now emerging, improved understanding of their 

deactivation pathways51,52 is becoming increasingly important.† The Grubbs benzylidene 

precatalysts (GI and S-GII, Chart 4.2) were shown in early work to be significantly more 

stable than the methylidene derivatives (GIm and S-GIIm) that represent the catalyst resting 

state.54,55 High-yield routes to the latter species,43,56 including 13C-labelled isotopologues 

(*GI, *S-GII, *GIm, and *S-GIIm)57 facilitate investigation of decomposition pathways 

relevant to catalysis. 

 
Chart 4.2. Grubbs metathesis catalysts and their resting-state methylidene derivatives. 

 Reports from pharma highlight NH-amine contaminants, among others,1c as detrimental to 

RCM.5,6 A deeper understanding of amine-mediated deactivation is thus of keen 

interest.7,20,58 Adding a single equivalent of primary or secondary amine to RCM reactions 

promoted by the second-generation catalyst S-GII was recently shown to effect complete 

loss of the catalyst charge within 90 min at 60 °C.58 A plausible mechanism is shown in 

Scheme 4.5. The initial displacement of phosphine has ample precedents in the reactions of 

GII with amines.20,58-60 Attack of the liberated PCy3 on the methylidene ligand is proposed 

                                                
† Much less attention has focused on catalyst reactivation, as pointed out by Schrodi and co-workers in an 
intriguing approach to the problem for the first-generation Hoveyda catalyst. See Ref. (53). 
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on the basis of prior work with isolated GIIm discussed below. The ensuing elimination of 

the alkylphosphine ligand in Ru-5 as phosphonium salt P1 is facilitated by the presence of 

the NH group. Such proton-shuttling pathways are well established in Ru-amine 

chemistry.61,62 In prior examples in which P1 or related species were observed in the absence 

of an N-H moiety,29,42,63-65 proton abstraction most probably involves C-H activation. 

 
Scheme 4.5. Proposed pathway for decomposition of S-GIIm via zwitterionic Ru-5. 

 The σ-alkyl moiety in putative intermediate Ru-5 is modeled on the proposed structure of 

the key intermediate in decomposition of isolated S-GIIm, suggested in a seminal study by 

Hong and Grubbs.29 Such species have been invoked in other deactivation studies,42,63,64,66 

while related structures were reported in early work by the Roper67 and Hofmann41 groups. 

The relevance of the Hong-Grubbs study to deactivation during catalysis is clouded, 

however, by the much slower rate of decomposition of S-GIIm (days at 55 °C), as well as 

the observation of multiple products,29 suggesting operation of several competing pathways. 

Here we describe the successful interception of the first-generation σ-alkyl complex Ru-6; 

we show that formation of Ru-6 is the primary deactivation event, irrespective of ensuing 

decomposition pathways, and we demonstrate that this behavior is relevant not merely to 

methylidene complex GIm, but also to RCM reactions promoted by GI. 

4.3.2.  Results and Discussion 

 With the intention of inhibiting E-H activation pathways that promote elimination of the 

alkylphosphine ligand, we turned to reactions with pyridine, in place of a secondary amine. 

From prior work, however, we suspected that use of pyridine would be insufficient to retard 

proton abstraction from electron-rich S-GIIm. Stirring S-GIIm in 1:5 pyridine-toluene was 
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reported to yield RuCl2(H2IMes)(py)3 (29%; isolated), and unspecified amounts of P1.†29 

Indeed, we found that the corresponding in situ reaction of labelled *S-GIIm with 10 equiv 

py (Scheme 4.6a) liberated ca. 90% *P1 within <5 min at ambient temperature, without 

observable intermediates. 

 To retard proton abstraction, we therefore employed the less electron-rich first-generation 

complex. Addition of pyridine to 13C-labelled *GIm at RT resulted in immediate loss of the 

methylidene signal (Scheme 4.6b). Only ca. 5% *P1 was apparent, however. The 31P{1H} 

NMR spectrum was instead dominated by a doublet at 55.7 ppm (1JPC = 9.8 Hz),‡ which 

accounted for 95% of the 13C-labelled methylidene moiety. The corresponding 13C{1H} 

NMR doublet appeared unusually far upfield (–12.3 ppm; 1JPC = 9.8 Hz), implying 

considerable shielding. Assignment as Ru-6 was confirmed by X-ray analysis of crystals that 

deposited from pentane-pyridine, following preparative-scale reaction of GIm (150 mg; 90% 

crude yield). 

 
Scheme 4.6. Speciation on treating *GIm and *S-GIIm with pyridine (% total 31P{1H} 
NMR integration). (a) Decomposition of *S-GIIm. (b) Formation of Ru-6 via displacement 
of PCy3 from *GIm, and attack of liberated PCy3 at the methylidene carbon. 

 The ORTEP plot of Ru-6 is depicted in Figure 4.4. Of note, three pyridine ligands are 

present, and no Ru-bound PCy3 remains. In contrast, reaction of the Grubbs catalysts GI/S-

GII with pyridine shows no evidence for attack on the benzylidene ligand. Instead, bis-

                                                
† An early study by Werner and co-workers likewise described complete loss of methylidene from 
RuHCl(CO)(PiPr2Ph)2(=CH2) on addition of pyridine, over the time required to warm from –78 °C to RT. The 
fate of the methylidene ligand was not identified, however. See Ref. (28) . 
‡ The magnitude of 1JPC in tetravalent phosphorus derivatives is highly sensitive to steric factors, an observation 
frequently attributed to changes in the s-character at phosphorus. See Ref. (68). 
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pyridine adducts RuCl2(L)(py)2(=CHPh) were reported for both first- and second-generation 

systems (L = PCy3,69 H2IMes59). 

 
Figure 4.4 Crystal structure of Ru-6. Non-hydrogen atoms are represented by Gaussian 
ellipsoids at the 30% probability level. Hydrogen atoms attached to C1 are shown with 
arbitrarily small thermal parameters; other hydrogen atoms are omitted. 

 Complete decomposition of isolated Ru-6 in solution at RT occurred over days in C6D6, or 

hours in CD2Cl2. At 60 °C in C6D6, no Ru-6 remained after 18 h. Free PCy3 was observed by 
31P{1H} NMR analysis, accompanied by significant amounts of P1 (Scheme 4.7). Crystals of 

the known† complex RuCl2(py)4 also deposited. The phosphonium salt P1 is presumably 

formed via C-H activation pathways, as noted above. Multiple decomposition reactions are 

operative, however, as indicated by the observation of three further, unidentified 31P{1H} 

NMR signals (P2–P4). To determine whether any of these are due to the proposed ylid 

Cy3P=CH2,29 we monitored the decomposition of labelled *Ru-6. The singlet multiplicity of 

P2-P4 was retained, however (see Appendix; Figure A.23). This rules out assignment of any 

of these compounds as Cy3P=13CH2, and indeed indicates that none retain the 13C-P moiety. 

Elimination of P1 via intramolecular proton abstraction may be a valid alternative to the 

proposed ylid-extrusion pathway. 

                                                
† Preparation of RuCl2(py)4 was first reported by Wilkinson and co-workers. See Ref. (70). For the first 
crystallographic report of this complex, see Ref. (71). 
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Scheme 4.7. Thermally promoted decomposition of isolated Ru-6: products observed by 
31P{1H} NMR analysis (% vs. total integration) or precipitation. 

 While the data above indicate that the fate of the σ-alkyl moiety is not limited to P1,‡ all 

of the products observed originate in Ru-6. Nucleophilic attack of free PCy3 can thus be 

identified as the key vector for decomposition of GIm in the presence of pyridine. 

Importantly, Ru-6 is also observed during metathesis by the first-generation Grubbs catalyst 

GI, where pyridine is present (Scheme 4.8). Thus, in RCM of 3, the proportion of Ru-6 

reached ca. 80% of the theoretical maximum at 1h. We infer that py-induced decomposition 

during catalysis results from attack on the methylidene resting state GIm, rather on than the 

metallacyclobutane intermediate.† 

 
Scheme 4.8. Pyridine-induced decomposition during RCM. 

 This behavior holds potentially general implications. Of keen interest is the possibility 

illustrated in Scheme 4.9a: that is, that any donor able to displace PCy3 and impede its re-

coordination will promote phosphine attack on the methylidene ligand (steric factors 

permitting). Notably, ethylene itself may be sufficient to trigger such behavior, as indicated 

by Roper’s report of the ethylene-induced transformation of a methylidene complex into σ-

alkyl species Ru-7 (Scheme 4.9b).67 

                                                
‡ To assess the potential for an equilibrium between the σ-alkyl species 3a and methylidene 2a (an inference 
from the Roper study in Ref. (67)), we added diethyl diallylmalonate (100 equiv) to a solution of isolated 3a in 
CD2Cl2. No RCM was evident after 3.5 h at RT, or after 24 h at 60 °C. We conclude that 3a does not regenerate 
a metathesis-active species. 
† Decomposition via attack on methylidene 2b was similarly observed for 1b-mediated RCM in the presence of 
other primary and secondary amines: See Ref. (58). In contrast, the nitrogen base DBU effected decomposition 
without liberation of A. Attack on the ruthenacyclobutane was suggested. 
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Scheme 4.9. (a) Donor-induced decomposition of the Grubbs catalysts. (b) Ethylene-induced 
attack of PPh3 on methylidene. 

4.3.3.  Conclusions 

 The foregoing describes an important deactivation pathway for the Grubbs catalysts, 

which we term “donor-induced decomposition”. Addition of pyridine to the first-generation 

methylidene complex GIm enabled interception of σ-alkyl species Ru-6. This complex is 

generated by pyridine-induced displacement of the PCy3 ligands, and subsequent attack of 

liberated PCy3 at the methylidene carbon. Complex Ru-6 is the dominant species observed 

for both isolated GIm (the catalytic resting state for GI) and for RCM reactions promoted by 

GI. Rapid formation of Ru-6 is followed by its slower decomposition into multiple products. 

The σ-alkyl complex is thus the crucial vector for catalyst degradation. Phosphonium salt P1 

is one notable product formed on ensuing decomposition of Ru-6. For the first-generation 

system studied here, however, just 60% of the isolated σ-alkyl species Ru-6 terminated in 

the phosphonium salt. While valuable as a qualitative marker for attack of PCy3 on 

methylidene, the proportion of P1 should therefore be regarded as a minimum estimate of 

the contribution from this pathway. These results highlight the Janus face of the PCy3 ligand 

in the Grubbs catalysts, in its dual role as stabilizing ligand, and destructive agent. 

4.3.4.  Experimental Details for Section 4.3 

General procedures 

Reactions were carried out using standard glovebox techniques at room temperature (RT; 25 

±2 °C), unless otherwise indicated. All solvents except CD2Cl2 were stored under N2 in the 

glovebox over 4Å molecular sieves: pyridine (sigma-Aldrich; anhydrous; stored in an amber 
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bottle); pentane (Fisher, distilled over sodium benzophenone); C6D6 (Cambridge Isotopes; 

degassed by five successive freeze/pump/thaw cycles). CD2Cl2 (Cambridge Isotopes) was 

purchased in sealed ampoules and used as delivered.  

NMR spectra were recorded at 23 ±2 °C, and referenced to the residual proton or carbon 

signals of the deuterated solvent (1H, 13C), or external 85% H3PO4 (31P). Signals are reported 

relative to TMS (1H and 13C) or 85% H3PO4 (31P) at 0 ppm. Speciation by 31P{1H} NMR 

analysis is given as % of total integration: for in situ evaluation of *GIm (see next), this is 

normalized to 200% to account for the presence of two PCy3 groups per Ru.  

 NMR-Scale Reaction of RuCl2(PCy3)2(=13CH2) (*GIm) with Pyridine: Observation of 

RuCl2(σ-13CH2PCy3)(py)3, *Ru-6. In the glovebox, a J-Young NMR tube was charged with 

*GIm (11 mg, 0.014 mmol) and 0.7 mL C6D6. On adding pyridine (11.4 µL, 0.140 mmol, 10 

equiv), the colour changed from brown to deep red, and the solution became turbid. 31P{1H} 

NMR (C6D6, 202.5 MHz): δ 55.7 (d, 1JPC = 9.8 Hz, 96%, *Ru-6), 46.1 (s, 2%, unknown P3), 

34.2 (d, 1JPC = 47.6 Hz, 4%, [13CH3PCy3]Cl; *P1), 28.5 (15%, unknown P2), 10.5 (s, 83%, 

PCy3). No doublet for starting *GIm was observed (43.5 ppm; 2JPC = 8.4 Hz). 13C{1H} NMR 

(C6D6, 125.8 MHz; key Ru-CH2 signal only): –12.3 ppm (d, 1JPC = 9.8 Hz, Ru–CH2PCy3). A 
1H-13C HMQC correlation experiment (C6D6, 500.1 MHz) indicated a cross-peak between 

this diagnostic doublet and the methylene protons of the σ-alkyl group at 1.94 ppm.  

 After 12 h at RT, 85% *Ru-6 remained; the signals for *P1 and unknown P2/P3 increased 

accordingly, but no new signals were observed. On heating at 60 °C for 18 h: 31P{1H} NMR 

(C6D6, 121.5 MHz): δ 46.1 (s, 8%, P3), 36.4 (s, 2%, unknown P4), 34.2 (d, 1JPC = 47.6 Hz, 

63%, *P1), 28.5 (29%, P2), 10.5 (s, 98%, PCy3). No *Ru-6 was present. The singlet 

multiplicity of the signals for P2–P4 indicates the absence of a P–13C moiety. 

 Preparative-Scale Synthesis of RuCl2(σ-CH2PCy3)(py)3, Ru-6. In the glovebox, pink 

GIm (150 mg, 0.203 mmol) was dissolved in 410 µL pyridine in a scintillation vial. The 

solution immediately turned turbid dark red. After 5 min stirring, pentane (20 mL) was added 

to precipitate a red solid, which was filtered off and washed with pentane (5 x 1 mL). Yield 

130 mg (91%). NMR analysis was carried out in C6D6 (in which Ru-6 is sparingly soluble). 
31P{1H} NMR (C6D6, 121.5 MHz): δ 55.7 (s, Ru-6, 90%), 32.1 (s, P1, 5%), 28.5 (s, P2, 5%). 

Crude Ru-6 (117 mg) was crystallized from CH2Cl2-pentane at –35 °C, and washed with 

cold pentane (2 x 1 mL). Yield 52 mg (44%); the low yield is due to competing 
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decomposition. Anal. Calcd for C34H50Cl2N3PRu: C, 58.03; H, 7.16; N, 5.97. Found: C, 

57.86; H, 6.96; N, 5.75.  

 Note. In the NMR assignments below, pyA designates pyridine ligands cis to CH2PCy3; 

pyB designates the pyridine ligand trans to CH2PCy3. 1H NMR (300.1 MHz, CD2Cl2): δ 9.31 

(br s, 4H, pyA o-CH), 8.89 (d, 3JHH = 6.3 Hz, 2H, pyB o-CH), 7.52-7.41 (overlapping t, 3H, 

pyA and pyB p-CH), 7.02 (t, 3JHH = 6.3 Hz, 2H, pyB m-CH), 6.96 (t, 3JHC = 6.3 Hz, 4H, pyA m-

CH), 3.29-0.30 (m, 55H, comprising CH2PCy3 of Ru-6 (35H) and products of decomposition 

in solution, including P1). 13C{1H} NMR characterization was hampered by low solubility in 

C6D6. Solubility was higher in CD2Cl2, but decomposition over 18 h at RT impeded analysis. 

Even in the solid state under N2 at –35 °C, analytically pure Ru-6 underwent partial 

decomposition over 10 weeks. 31P{1H} NMR (C6D6, 121.5 MHz): δ 55.7 (s, 3, 90%), 52.4 (s, 

unassigned, 10%). X-ray quality crystals of Ru-6 deposited from a cold (–35 °C) solution of 

5:1 pentane-pyridine over 12 h. 

 Thermolysis of Isolated Ru-6. In the glovebox, a J. Young NMR tube was charged with 

crude 3a (12 mg, 0.017 mmol) and 0.75 mL C6D6. A 31P{1H} NMR spectrum indicated 10% 

decomposition (5% P1 and P2, respectively. The sample was heated at 60 °C in a 

thermocouple-controlled oil bath. 31P{1H} NMR spectra were collected over 18 h, at which 

time no further Ru-6 remained. 31P{1H} NMR (C6D6, 121.5 MHz): δ 46.1 (2%, P3), 34.2 

(59%, P1), 28.6 (20%, P2), 10.5 (19%, PCy3). X-Ray quality orange crystals deposited 

during thermolysis, and identified as previously characterized trans-RuCl2py4. 

 Formation of Ru-6 During RCM. In the glovebox, a 20 mL scintillation vial was 

charged with GI (165 µL of a 12.1 mM stock solution of 1a in C6D6; 0.002 mmol), diluted 

with C6D6 (1.8 mL), and diethyl diallylmalonate 3 (48.4 µL, 0.200 mM, 100 equiv) was 

added. A stock solution of pyridine in C6D6 (10 µL of a 2.00 M stock solution; 10 equiv vs. 

GI) was immediately added. The solution was allowed to stir for 1 h open to the glovebox 

atmosphere, to permit loss of ethylene. Integration values (% of total integration) are 

normalized to 200% to account for the two PCy3 groups in 1a: see above. 31P{1H} NMR 

(C6D6, 121.5 MHz): δ 59.2 (s, unidentified, 16%), 55.7 (s, Ru-6, 79%), 46.0 (s, P3, 8%), 

28.6 (s, P2, 29%), 10.5 (s, 70%, PCy3).  
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4.4. Scope of the Donor-Induced Decomposition Pathway 

4.4.1.  Introduction 

 The previous section described σ-alkyl formation as the key deactivating event in 

decomposition of GIm by pyridine, and predicted that this behaviour should be found for 

any donor capable of displacing the PCy3 ligand. Here evidence is presented to show that this 

pathway is indeed operative for primary and secondary amines, despite the ease with which 

such donors were expected to promote elimination of the σ-alkyl ligand (Section 4.3.1). The 

greater susceptibility of GIm toward amines, relative to the second-generation methylidene 

complexes, is also demonstrated, and a rationale for this difference is advanced.  

4.4.2.  Results and Discussion 

 Decomposition of the first-generation complex GIm by equimolar amine was explored in 

a series of NMR-tube experiments. The decrease in the intensity of the alkylidene signals 

relative to internal standard was monitored following addition of amines N1-N4 at room 

temperature. No new alkylidene signals were seen for the putative amine adducts Ru-8 

(Figure 4.5) suggesting either that the initial equilibrium lies in favour of GIm, or that the 

adducts, once formed, rapidly convert to their σ-alkyl derivatives Ru-9. 

 
Figure 4.5. Anticipated reactions following addition of amines on GIm. Not shown is the 
putative six-coordinate H2NnBu adducts. 

 In either case, GIm is rapidly decomposed by all amines even at room temperature 

(Figure 4.6). In striking contrast with the control experiment in the absence of amine, which 

revealed a half-life of 67 h for GIm at ambient temperature in C6D6, addition of n-

butylamine N1 caused 50% loss of all alkylidene signals within <2 min, vs. 5 min for 

pyrrolidine N2, and ca. 70 min for morpholine N3 and DBU N4. The slower decomposition 

for the latter two amines is probably due to the restricting effects of lower basicity (for N3) 

and greater bulk (for N4). The corresponding reactions in the second-generation system 

showed a similar trend, but proceeded more slowly, as discussed in Section 4.2.2 (values are 
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reproduced in Figure 4.6 for convenience). Numerical values for the half-lives shown are 

summarized in Table 4.1. 

  
Figure 4.6. Relative susceptibility of GIm and GIIm to decomposition by N1-N4 at room 
temperature. 

Table 4.1 Summary of half-lives in amine-induced decomposition of GIm and S-GIIm.a  

Catalyst Amine Half-life Error (±)b 

GIm N1: n-butylamine <2 min 0.5 min 
 N2: pyrrolidine 5 min 0.5 min 
 N3: morpholine 72 min 1 min 
 N4: DBU 76 min 1 min 
 none 67 h 3 h 
GIIm N1: n-butylamine <3 1 min 
 N2: pyrrolidine 87 min 1 min 
 N3: morpholine 14 h 0.2 h 
 N4: DBU >1440 - 
 none >1440 min - 

a Reactions at 20 mM Ru in C6D6 using 1.1 equiv amine. b Half-lives are average of two independent trials.  
 
 31P{1H} NMR spectra for the GIm system following addition of N1-N4 are shown in 

Figure 4.7. Notable is the small proportion of [MePCy3]Cl P1, in contrast with the behaviour 

seen for S-GIIm (Section 4.2). Instead, a new pair of doublets (JPP = 2.3 Hz) is seen for each 

amine, the total proportion of which tracks with decreased amine bulk (70% for n-

butylamine N1, essentially zero for N4 DBU). These signals are provisionally assigned to the 

σ-alkyl species Ru-9. While efforts to fully characterize these species are now under way 

(work by W. McClennan of this research group), several details support the proposed 

assignment. (a) The near-zero value of the three-bond coupling constant is consistent with 

the singlet multiplicity reported by Piers for the related complex 

[RuCl2(PCy3)(=CHPCy3)][B(C6F5)4].72 (b) The chemical shift for the upfield doublet, at 55.6-

56.6 ppm, compares well with the value of 55.7 ppm for σ-alkyl complex Ru-6. An 
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unexpected feature is the unusually downfield location of the second doublet, at 89.5-84.9 

ppm, despite the formal negative charge at the metal center.  

 

                    
Figure 4.7. 31P{1H} NMR spectra (121.5 MHz, C6D6) for decomposition of GIm by N1-N4. 
Caret (^) indicates Ru-9; bullet (•) indicates potential unidentified σ-alkyl; % vs. total 
31P{1H} integration. 

 An intriguing question in this chemistry is the basis for the faster transformation of GIm 
by amine, relative to S-GIIm. Given the well-established dissociative pathways for 
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metathesis via the Grubbs catalysts, we anticipated that decomposition of GIm was mediated 

by four-coordinate intermediate, RuCl2(PCy3)(=CH2). We find, however, that thermolytic 

decomposition of isolated GIm, in the absence of any additives, is accelerated by added 

PCy3 Figure 4.8a.† This implicates the five-coordinate complex GIm in decomposition. We 

conclude that the methylidene ligand in the first-generation system is much more accessible 

than that in the NHC derivative. This inference is borne out by the space-filling models in 

Figure 4.8. The greater accessibility of GIm presumably contributes to the faster reaction of 

the first-generation system with amines.  

 
Figure 4.8. Steric accessibility of methylidene species in (a) GIm and (b) S-GIIm. Assessed 
at room temperature to limit the contribution of the more vulnerable four coordinate 
methylidene species. 

4.4.3.   Conclusions 
 The findings in this chapter demonstrate that the first-generation methylidene GIm is 

much more sensitive to decomposition by added amine than its S-GIIm analogue. In contrast 

to the second-generation system, decomposition is rapid even with relatively weak or bulky 

bases (e.g. morpholine or DBU, respectively). A key, previously unrecognized factor 

contributing to the sensitivity of GIm relative to S-GIIm is the fact that the methylidene 

ligand of GIm is sterically accessible, even in the five-coordinate complex. This may suggest 

that “specialty” second-generation catalysts in which the size of the NHC ligands is reduced 

(a key goal to accommodate bulky substrates) will be more susceptible to donor-induced 

deactivation. 

                                                
† These data conflict with a prior report in which the rate of decomposition of GIm was found to be unaffected 
by added PCy3.(54). 
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 More generally, this work demonstrates that both the first- and second-generation Grubbs 

catalysts are burdened with a latent poison. The PCy3 ligand not only reduces productivity by 

syphoning the active four-coordinate methylidene out of the catalytic cycle, but also attacks 

the methylidene moiety deactivating the catalyst. These data highlight the need to 

incorporate ancillary ligands that do not attack the methylidene intermediate as a key design 

criteria for the preparation of more robust, functional-group tolerant catalysts.  
  

4.4.4.   Experimental Details for Section 4.4 
General Procedures 

 Reactions were carried out in an N2-filled glovebox. Benzene-d6 (Cambridge Isotopes) was 

degassed by consecutive freeze/pump/thaw cycles and stored over 4 Å molecular sieves for 

at least 6 h prior to use. Amines were obtained from Alfa Aesar (n-butylamine N1, 99%), 

Sigma-Aldrich (pyrrolidine N2, >99%; morpholine N3, >99.5%), or Acros (DBU, 1,8-

diazabicyclo[5.4.0]undec-7-ene N4, 98%). Morpholine (twice-distilled and packaged under 

N2) was used without purification; other amines were freeze/pump/thaw-degassed on receipt, 

and stored under N2 to prevent contamination by hydrates, oxides, etc., which would reduce 

amine nucleophilicity. Amine purity was confirmed by NMR analysis. Trimethoxybenzene 

(TMB, Sigma-Aldrich) were used as received. Literature methods were used to prepare 

methylidene complexes GIm and S-GIIm.43  

NMR spectra were recorded at probe temperatures of 23 ±1.5 °C and referenced to the 

residual proton or carbon signals of the deuterated solvent (1H, 13C NMR), or external 85% 

H3PO4 (31P). Signals are reported in ppm relative to TMS (1H, 13C) or 85% H3PO4 (31P) at 0 

ppm. Half-lives were determined by collecting 1H NMR spectra for 1.5 min at regular 

intervals. Time zero was either the time of mixing, or (for heated reactions) the time of 

heating. Each time-point indicated is the time at which the acquisition was started. 

Representative Procedure for Half-Life Measurements. In the glovebox, a Rotoflo 

NMR tube was charged with GIm (11.0 mg, 0.0147 mmol), trimethoxybenzene (TMB; ca. 1 

mg), and 0.735 mL C6D6. The sample was transferred to an NMR probe, the starting 

GIm:TMB ratio was measured, amine N1 (1.6 µL, 0.0162 mmol, 1.1 equiv) was injected, 

and the puncture was immediately sealed with tape. The sample was shaken for 1 min and 

returned to the spectrometer; a stopwatch was started, and spectra were collected until loss of 

alkylidene signals was complete. 
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4.5. Subsequent Advances 
  Further advances in this chemistry have been made by William McClennan of this 

research group, and will be reported in due course. Outstanding questions and opportunities 

awaiting study will be discussed in Chapter 6 (Conclusion and Future Work).  
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Chapter 5. Sustainable Metathesis: Augmenting the Complexity of Bio-Renewable 

Feedstocks via Olefin Metathesis 

5.1. Context, Objectives, and Overview of Content 

 In recent years, ethenolysis has received significant attention for its ability to convert 

renewable resources, such as those derived from seed oils, into simple building blocks.1-10 11-

13 This is typically achieved by saponification of crude seed or vegetable oils, which cleaves 

the triglycerides into their fatty acid methyl esters (FAMEs) and glycerol, followed by cross-

metathesis with ethylene (Figure 5.1). A mixture of terminal olefin products is thus 

obtained.  

 
Figure 5.1. Cleaving internal olefin into two simpler terminal olefins via ethenolysis. 

Representative example depicting the fatty acid methyl ester (FAME) as methyl oleate.  

 The present work differed in using cross-metathesis to augment, rather than reduce, the 

complexity of renewable feedstocks. In an exemplary reaction, the essential oil anethole was 

converted in a single step to octylmethoxycinnamate,† the active ingredient in most 

commercially available sunscreen formulations. The target cross-metathesis reaction presents 

a number of potential difficulties, arising from the combination of steric and electronic 

deactivation. Thus, the electron-poor nature of the acrylate olefin hampers binding to the 

four-coordinate ruthenium intermediate, and (for the catalyst class selected for use: see 

below) this retards reaction.14 Moreover, the phenylpropenoids studied (anethole, isosafrole, 

and isoeugenol) are internal, predominantly trans-substituted olefins, the steric demand of 

which further slows the rate of cross-metathesis. Competing decomposition is thus expected. 

                                                
† Octylmethoxycinnamate is more commonly referred to by the trivial name octinoxate, or by its trade names, 
Eusolex 2292 and Uvinul MC80. 
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 Over the last two decades, hundreds of metathesis catalysts have been reported.15,16 

Published applications, however, are dominated by two commercially available ruthenium 

complexes: the second-generation Grubbs and Hoveyda catalysts, S-GII)17 and S-HII,18 

respectively.15 While S-GII is historically the catalyst of first choice for organic chemists,19 

the work presented in Chapters 3 and 4 suggests that S-HII may offer advantages in terms of 

lifetime and productivity. Acrylate cross-metathesis (CM) appears to be particularly sensitive 

to the catalyst used, and dramatically higher productivity was reported for S-HII by the 

Maier and Rennes groups.20-24 The work in the present Chapter therefore utilized S-HII.  

 In using this chelating styrenyl ether catalyst, it is important to recognize that its initiation 

mechanism differs from that for the phosphine-bound Grubbs catalysts discussed in the prior 

Chapters. While S-GII initiates via a dissociative mechanism,25 the less encumbered styrenyl 

ether catalyst S-HII was recently shown to initiate via an interchange-associative 

mechanism, at least for sterically accessible olefins.26-30 From a practical standpoint, this is 

important because it means that reaction rates with S-HII can be increased by use of high 

olefin concentrations. Less clear-cut are apparent differences in behaviour at low 

concentration: specifically, better performance for S-GII in several cases involving relatively 

high dilutions (substrate concentrations of 20 mM or less).31-34  

 Yields for acrylate CM with S-GII as catalyst are generally poor, although the Sasol group 

showed that phenol additives improve performance to some extent.35 Phenol was suggested 

to increase the electrophilicity of the metal via an H-bonding interaction between the 

phenolic proton and the chloride ligand, thus reducing the electron density at ruthenium. This 

in turn was proposed to favour olefin binding and to stabilize the MCB intermediate, albeit at 

the cost of initiation rates. Sequestration of free PCy3 by phenol (as (PhOH)nPCy3) was also 

suggested.36 The need for super-stoichiometric phenol (500 equiv relative to catalyst) is a 

major practical limitation, however. While the excess phenol can be recovered, the added 

cost associated with recycling of the phenol and purifying the cinnamate render phenol 

additives an impractical solution for industrial-scale application. 

 The primary focus of this chapter is therefore on the opportunities presented by HII in the 

metathesis of phenylpropenoids with acrylates. This work complements the mechanistically-

focused studies of the previous Chapters in focusing on a new, potent application of olefin 

metathesis in sustainable chemistry. 
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5.1.1. Table of Contents Entries (published work only) 

Chemical Plants: High-Value Molecules from Essential Oils. Justin A.M. Lummiss, Kelley 

C. Oliveira,a Alexandre M.T. Pranckevicius, Alexandra G. Santos,a Eduardo N. dos 

Santos,a* Deryn E. Fogg.* J. Am. Chem. Soc.  2012; 134, 18889–18891. 

aDepartamento de Química-ICEx, Universidade Federal de Minas Gerais, 31270-901 Belo 
Horizonte, Brazil 

 
 Abstract: As society faces a future of dwindling petrochemical supplies at increasing 

costs, much attention has focused on methods to degrade biomass into renewable 

commodity-chemical building blocks. Reported here is a powerful complementary approach 

that instead amplifies the complexity of molecular structures present in plant materials. 

Essential-oil phenylpropenoids are transformed via acrylate cross-metathesis into potent 

antioxidants that are widely used in perfumery and cosmetics, and in treating disorders 

associated with oxidative damage. 

 Author Contributions: The content of this manuscript was written by JAML and DEF. The 

initial catalytic conditions were based on preliminary unpublished results provided by KCO 

and AGS. The experiments ultimately presented in the manuscript are the work of JAML; 

AMTP (a second-year undergraduate student working with JAML) isolated and 

characterized all cross-metathesis products. The paradigm shift from reducing natural 

complexity by ethenolysis to building on natural complexity using cross-metathesis was 

conceived by DEF and ENdS. 
 

5.2. Synthesis of High-Value Molecules from Essential Oils 

5.2.1.  Introduction 

 Olefin metathesis, as a technology that enables direct modification of the internal C=C 

bonds of unsaturated fats and oils, has enormous potential in the transition from 

petrochemicals to renewable feedstocks.5,37-39 The dominant focus is on degrading seed oils 
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into α-olefin,5,38-40 ester,24,41 or nitrile24,42 building blocks for commodity manufacturing 

(Figure 5.2a). Terpenes can be treated similarly, yielding products that span the commodity 

and fine-chemicals sectors (Figure 5.2b).21,43 Essential oils, in comparison, offer potential 

access to high-value, low-tonnage products. Abundant in these volatile oils are 

phenylpropenoids: functionalized phenol derivatives that are challenging to synthesize, 

which represent important fine-chemical building blocks. Here we describe the use of olefin 

metathesis to elaborate essential-oil phenylpropenoids into powerful antioxidants that 

represent key products and platforms for the personal care market (Figure 5.2c). This 

represents a paradigm shift in biomass utilization from degradation to enhancement: that is, 

adding to the complexity of structures assembled by Nature, rather than breaking these 

entities down into simple building blocks that must then be reassembled. 

 
 Figure 5.2. Existing (a, b) and proposed (c) approaches to "renewables metathesis". 

 Phenylpropenoids such as safrole, eugenol, and estragole are major constituents of 

essential oils. Existing commercial processes (Scheme 5.1a) transform these allylbenzenes 

into their conjugated isomers isosafrole, isoeugenol, and anethole; the latter two are also 

abundant in some essential oils.44 These compounds have long been regarded as renewable 
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synthons.45,46† Anethole 4a is produced on largest scale (750,000 t/y), from star anise, anise, 

and fennel, as well as turpentine oils from wood processing; additional amounts are 

generated by isomerization of estragole.44,47 Production of eugenol and safrole is lower, 

approaching 2,000 t/y each from commercial and clandestine sources,48 but all three 

represent low-tonnage, high-value renewables. Notable derivatives range from fragrance 

components to piperonyl butoxide (an essential synergist for natural pyrethum insecticides), 

and the recreational drug 3,4-methylenedioxymethamphetamine, MDMA.48 

 Olefin metathesis creates new opportunities to amplify the scope and value of these 

building blocks, via elaboration into (e.g.) conjugated esters (5, Scheme 5.1b).‡ Such entities 

are important in the billion-dollar perfumery and cosmetics industries. UVB-absorbing 

cinnamates potentially accessible from anethole, for example, are now widely used as the 

active ingredients in sunscreens and cosmetics.45,53 More generally, the potent antioxidant 

properties of these compounds has focused attention on their potentially protective role in 

disorders associated with oxidative damage, including arthritis and other inflammatory 

diseases, coronary thrombosis, neurodegeneration, and some cancers.54-58 

                                                
† Safrole is obtained chiefly from sassafras oil, produced by the destructive felling of slow–growing trees (e.g. 
Cinnamomum Camphora), particularly in south–east Asia. Proposed as a more sustainable source is "pimenta–
longa" (Piper hispidinervium), a pioneer shrub in degraded Amazonian forest land, and a high–value alternative 
crop for the tropical rainforest. Its essential oil (90–94% safrole) is extracted from the leaves and thin branches; 
see Ref. (46). 
‡ Non–conjugated products result from cross–metathesis of the terminal olefin in eugenol (and O–protected 
eugenol derivatives) with electron–deficient olefins. Of particular relevance to the present work is a recent, 
systematic study that describes problems with competing isomerization. Isomerization–metathesis reactions 
proceed via isoeugenol, resulting in formation of 5 as a byproduct. Isomerization was inhibited by adding 1,4–
benzoquinone. See Ref. (49). Other instances of eugenol or estragole cross–metathesis have appeared: See Ref. 
(50), (51), (52). 
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 Scheme 5.1. Strategy for elaboration of phenylpropenoids (for specific acrylates explored, 

see Table 5.2). 

 The classical Perkin condensation route to cinnamic acid itself requires 8-12 h at >180 ˚C, 

and yields reach only ca. 80%.59 Conventional routes to functionalized cinnamates rely on 

multistep, stoichiometric processes.60 Catalytic cross-coupling of halogenated aromatics 

offers improvements, but remains wasteful.61 Cross-metathesis (CM) of β-methylstyrene 

phenylpropenoids offers a potentially succinct, powerful alternative with several compelling 

features. First, Nature has already addressed the challenge of conjugating a C=C bond with 

the functionalized phenol. Second, CM of the near-terminal olefin in 4 eliminates the 

unwanted olefinic substituent as volatile propylene (Scheme 5.2). This sidesteps the 

purification issues inherent in metathesis of "deep-internal" unsymmetrical olefins (Figure 

5.2); i.e. formation of two product streams requiring separation. Third, the electron-

deficiency of the acrylate olefin inhibits self-metathesis,14 enabling use of acrylate in excess 

to minimize homocoupling of 4. In sum, these features offer a powerful opportunity for clean 

capture and elaboration of the valuable phenylpropenoid moiety. 

  

Scheme 5.2. Cross metathesis of anethole with methyl acrylate. 

5.2.2. Results and Discussion 

 While self-metathesis62 and CM49-52 of anethole have been reported, the intended cross-

metathesis reaction poses a greater challenge to reactivity, owing to the electronic 
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deactivation of the acrylate combined with the steric deactivation of the predominantly trans-

configured double bond in the precursors 4. Impressive efficiencies have been achieved in 

CM of internal olefins with acrylates using the Hoveyda catalyst S-HII,5,41,63 however, and 

we thus sought to build on these advances. In probe experiments, we employed anethole with 

a fourfold excess of methyl acrylate (MA) at high catalyst loadings (2 mol %); elevated 

temperatures were also required (Scheme 5.2) Efficient volatilization of propylene and 

ethylene byproducts is essential to promote selectivity for the desired CM reaction. Near-

quantitative yields of 5a were attained within 6 h by stirring in open vessels in the glovebox: 

(Table 5.1, entry 1.† Yields of 5a decline as the headspace is reduced, as shown most 

dramatically in entry 2). On decreasing the catalyst loading to 0.1 mol % S-HII (Table 5.1, 

entry 3), yields of 5a drop to 78% at 6 h. They increase by only 2% after 12 h, consistent 

with catalyst deactivation. Dropwise infusion of S-HII, a protocol that has proven effective 

in other contexts,41,64 gave essentially identical results (Table 5.1, entry 4). At a catalyst 

loading of 0.5 mol %, however, yields of 5a were restored to 97% (Table 5.1, entry 5), and 

this was used as a baseline for further improvement. 

 Table 5.1. Maximizing cross-metathesis selectivity for cinnamate 5a.a 

Entry mol %  
S-HII 

Equiv MA % Conv % Yield % E  
(for 5a) 5a 6a 7a 

1 2 4 100 99 0 0 97 
2b 2 4 100 72 15 6 99 
3 0.1 4 99 78 2 18 >99 
4c 0.1 4 99 82 2 15 >99 
5 0.5 4 100 97 0 3 99 
6 0.5 2 100 90 2 7 99 
7 0.5 10 100 93 0 5 98 
8 0.5 20 97 89 1 6 99 
9 0.5 6 100 99 0 1 99 

aConversions based on anethole 4a; yields are relative to the sum of anisole derivatives. b10% headspace; 
unidentified byproducts present. c Catalyst added over 4 h (syringe pump). 

                                                
† Reactions were carried out in open Schlenk vessels in the glovebox, for ease of monitoring. Use of a Schlenk 
manifold gave less satisfactory reproducibility, owing to the introduction of air during sampling. 
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 In the experiments above, we employed excess acrylate to minimize self-metathesis of 4a  

(i.e. formation of stilbenoid 7a). A disadvantage of high acrylate concentrations, however, is 

faster catalyst deactivation. Efficient CM of acrylates is promoted by reaction of the catalyst 

with the olefinic coupling partner. Direct reaction with acrylate would give unstable ester-

alkylidene Ru-10 (Eqn 5.3.1), and hence accelerate decomposition.†  

 
 Additional experiments were therefore carried out to establish optimal acrylate loadings. 

At 2 equivalents MA (Table 5.1, entry 6), 4a is fully consumed, but yields of 5a drop to 

90%, owing to buildup of the sterically deactivated stilbenoid 7a. At 10 equiv (Table 5.1, 

entry 7), yields of 5a are likewise poor, in this case reflecting increased catalyst 

decomposition. (Indeed, at 20 equiv MA, this effect is sufficient to inhibit complete 

conversion of anethole; Table 5.1, entry 8). Use of 6 equiv MA, however, represents a 

"sweet spot" at which formation of 5a is essentially quantitative: no evidence is seen of the 

vinylanisole intermediate 6a, and the proportion of stilbenoid 7a drops to 1% (Table 5.1, 

entry 9; see also entry 1). 

 The corresponding reactions of isoeugenol and isosafrole yield 5b (99%) and 5c (97%; 

Table 5.2, entries 2, 3). Indicative of the potentially broad scope of this methodology, 

comparable or higher yields were achieved with ethyl acrylate (Table 5.2, entries 4-6) and, 

of particular note, 2-ethylhexylacrylate (Table 5.2, entries 7-9). Reaction of the latter with 

anethole generates the important sunscreen agent octylmethoxycinnamate in 99% yield 

(Table 5.2, entry 7). Reactions on 1 g scale proceeded over 15-22 h to give the desired 

compounds in 81-98% isolated yield. The lower values reflect the similar polarity of the 

targets, vs. the maleate / fumarate products of acrylate coupling. 

                                                
† In prior work, small amounts of a related, PCy3–stabilized ester–alkylidene (observed by NMR analysis) were 
found to rapidly decompose in solution. See Ref. (65). 
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 Table 5.2. Expanding the scope of arylpropenoid cross-metathesis.a 

Entry Acrylate Phenyl- 
propenoid 

% Conv % Yieldb % E 

1 methyl 4a 100 99 (83) 99 
2  4b 100 99 (90) 98 
3  4c 100 97 (85) 99 
4 ethyl 4a 100 99 (85) >99.5 
5  4b 100 100 (95) 99.5 
6  4c 100 98 (90) 99 
7 2-ethylhexyl 4a 100 99 (89) 99.5 
8  4b 100 >99 (98) >99.5 
9  4c 100 98 (81) 99.5 

aConditions as in Scheme 2 (6 equiv acrylate). Conversions based on 4, yields on 5. bIsolated yields given in 
brackets.  

5.2.3.  Conclusions 

 To date, the overwhelming focus in biomass utilization has been on degrading renewable 

resources into the basic chemical building blocks central to chemical manufacturing. Olefin 

metathesis creates new opportunities in two respects: it enables net augmentation, rather than 

degradation of biomass, and it enables capture of complex structures relevant to fine 

chemicals markets. These concepts are illustrated above by the succinct synthesis of high-

value E-cinnamate and E-ferulate esters from the renewable phenylpropenoids anethole, 

isoeugenol, and isosafrole. The general approach, in which metathesis is used to capture and 

elaborate synthetically demanding structural motifs assembled by Nature, represents a 

powerful, potentially versatile platform for sustainable synthesis. From a broader 

perspective, these methodologies offer potential for economic expansion via the sustainable 

cultivation and elaboration of high-return source species in the tropical countries that 

represent the major producers of essential oils. 

5.2.4.  Experimental Details for Section 5.1 

General Procedures  

 Reactions were carried out in an N2-filled glove-box or under Ar on a Schlenk line. Dry, 

oxygen-free dichloroethane was obtained by pre-drying over CaSO4 for 12 h, then refluxing 

over P2O5 for 6 h prior to distillation. The dry solvent was then stored in the glovebox in an 
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amber bottle over 5 Å molecular sieves. Acrylates (Sigma-Aldrich; 99% (methyl, ethyl); 

98% (ethylhexyl)) were used without removing the phenolic stabilizers, given evidence that 

closely related phenols are not detrimental in acrylate metathesis.35 The purity of the 

arylpropene substrates was confirmed by gas chromatography (GC) analysis prior to use; 

isosafrole (Pflatz & Bauer, 98%; E:Z 4:1) was purified by passing through neutral alumina 

prior to use to remove a yellow contaminant. Acrylates and phenylpropenes were degassed 

by five freeze-pump-thaw degassing cycles, and stored protected from light under N2 in the 

glovebox freezer (-35 °C). trans-Anethole (99%), isoeugenol (98%; E:Z 9:1), catalyst S-HII, 

and anhydrous decane (internal standard for gas chromatography) were purchased from 

Sigma-Aldrich. NMR solvents (CDCl3, Sigma-Aldrich; CD3OD, Cambridge Isotopes) were 

used as received. Samples for gas chromatography were diluted in CH2Cl2 (ACS reagent 

grade). 

 NMR spectra were recorded on a Bruker Avance 300 or 500 MHz spectrometer at 298 K, 

and referenced to the residual proton or carbon signals of the deuterated solvent (1H, 13C{1H} 

NMR). Signals are reported in ppm, relative to TMS (1H, 13C) at 0 ppm. GC quantification 

was performed on an Agilent 7890A Series GC equipped with a flame ionization detector 

(FID), an Agilent 7683B Series autosampler and an Agilent HP-5 polysiloxane column (30 

m length, 320 µm diameter), using an inlet split ratio of 10:1, an inlet temperature of 250 ˚C, 

and helium (UHP grade) as the carrier gas to maintain column pressure at 11.512 psi. The 

FID response was maintained between 50-2000 ρA, using analyte concentrations of ca. 5 

mM. Retention times for acrylates, phenylpropene 4a-c, ester 5a,66 styrenyl byproduct 6a,67 

and stilbenoid 7a68 were confirmed by comparison with authenticated samples (NMR spectra 

confirmed by comparison to literature values). Calibration curves (peak areas vs. 

concentration) were constructed in the relevant concentration regime, to account for the 

dependence on detector response for substrates, products and decane (internal standard in 

catalytic runs). Yields in catalytic runs were determined from the integrated peak areas, 

referenced against decane, and compared to the substrate: decane integration ratio at time 

zero (t0). Conversions of isoeugenol 4b and isosafrole 4c were assessed by GC-FID, but 

quantification of the products for these reactions by GC-FID was hampered by poor peak 

shapes for stilbenoids 7b and 7c, which also "bleed" over subsequent runs. Yields of the 

methyl esters of ferulate 5b, cinnamate 5c, and all ethyl and 2-ethylhexyl esters (5a'-c', 5a"-
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c") were quantified by NMR analysis, by mutual integration of well-isolated signals: 1H for 

5b-c, 5a'-c', 5a"-c" and 5a-c; 2H for 7c; 6H for 7a-b. NMR assignments for compounds 

5b,69 5c,70 5a',71 5b',72 5c',73 5a",74 6a,67 6b,75 6c,76 7a,68 7b,77 and 7c78 were confirmed by 

comparison to reported values. Characterization data for compounds 5b" and 5c" are given 

below. 

 Details of Cross-Metathesis Procedures. Stock solutions of substrate were prepared by 

diluting the appropriate amount of substrate (anethole: 296.3 mg; isoeugenol: 328.4 mg; 

isosafrole: 324.3 mg; all 2.000 mmol) and decane (284.5 mg, 2.000 mmol) with 

dichloroethane to 330 mM. An aliquot was removed from the stock solution for GC analysis 

to establish the integration of substrate relative to decane at time zero (t0). Stock solutions of 

catalyst S-HII were prepared by dissolving 12.6 mg (0.0200 mmol) of S-HII in 1.0 mL of 

dichloroethane to generate a 20 mM solution of S-HII. All stock solutions were prepared 

immediately prior to use.  

 In a representative catalytic probe reaction, 1.5 mL of the substrate stock solution (0.50 

mmol) was added to a 50 mL Schlenk tube equipped with a magnetic stir bar. Methyl 

acrylate (270 µL, 3.0 mmol, 6 equiv) was added. The solution was diluted with 

dichloroethane to 2.5 mL, giving a final substrate concentration of 0.20 mM. (In the 

experiment with 20 equiv methyl acrylate, the final volume was 3.4 mL, corresponding to an 

anethole concentration of 0.15 mM). The appropriate volume of catalyst stock solution was 

added (0.5 mol % Ru: 125 µL). Reactions were then heated at 70 °C (sand-bath) in an N2-

filled glovebox for 6 h. A colour change from green to brown-yellow occurred within 5 min. 

The initial reactions between anethole and methyl acrylate (see Table 5.1) were left open to 

a freshly purged glovebox atmosphere for the duration of the reaction, with periodic purging 

(every 2 h) to maintain quality of atmosphere. From gram-scale reactions, it was observed 

that gas evolution is rapid over the first 30 minutes, but minimal thereafter, and no difference 

was evident between reactions carried out in 50 mL Schlenk tubes that were sealed, vs. open 

to the glovebox atmosphere. Subsequent reactions (Table 2) were therefore left open for the 

first 30 minutes, and then sealed to minimize the odor associated with the acrylates. After 6 

h, samples were analyzed: at this point the reactions remained brown-yellow, homogeneous 

solutions.  
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 Gram-Scale Synthesis of Cinnamate and Ferulate Esters, 5a-c, 5a'-c', 5a"-c". 

Preparative-scale CM experiments were carried out on a Schlenk line under Ar. In the 

glovebox, a 100 ml Schlenk tube was charged with 800 mg of substrate (anethole 4a: 5.4 

mmol; isoeugenol 4b: 4.8 mmol; isosafrole 4c: 4.2 mmol), acrylate (6 equiv), and S-HII (0.5 

mol %) and diluted with dichloroethane to 200 mM. The reaction vessel was then removed to 

a Schlenk line, and the reaction was heated under a slow flow of argon at 70 °C, using a 

thermocouple to maintain the oil-bath temperature. Heating was carried out for 15-22 h, with 

consumption of arylpropene being confirmed by GC analysis prior to workup. The solvent 

was then removed using a rotary evaporator. Crude products were purified by column 

chromatography on silica gel 60. Solvent systems: for 5a' and 5c", 1:1 CH2Cl2:hexanes; for 

5a, 5c, and 5c', 2:1 CH2Cl2:hexanes; for 5b and 5b', 1:3 EtOAc:hexanes, for 5b", 1:5 

EtOAc:hexanes; for 5a", 1:19 EtOAc:hexanes. 

 (E)-2-Ethylhexylferulate, 5b". 1H NMR spectrum (300.1 MHz, CDCl3): δ 7.60 (d, 2JHH = 

15.8 Hz, 1H), 7.08 (dd, 3JHH = 8.1 Hz, 4JHH = 2.0 Hz, 1H), 7.04 (d, 4JHH = 2.0 Hz, 1H), 6.92 

(d, 3JHH = 8.1 Hz, 1H), 6.29 (d, 2JHH = 15.8 Hz, 1H), 5.88 (s, 1H), 4.11 (dd, 3JHH = 6.0 Hz, 
4JHH = 1.7 Hz, 2H), 3.93 (s, 3H), 1.65 (m, 1H), 1.48-1.24 (overlapping multiplets, 8H), 0.96-

0.86 (2 overlapping triplets, 6H). 13C{1H} (75.5 MHz, CDCl3): δ 167.7, 148.0, 146.9, 144.7, 

127.2, 123.2, 115.9, 114.8, 109.4, 67.0, 56.1, 39.0, 30.6, 29.1, 24.0, 23.2, 14.2, 11.2. IR 

(neat, cm-1) 3384 (s), ν(O-H); 1701 (s), ν(C=O). Anal. Calcd. for C18H26O4: C, 70.56%; H, 

8.55%. Found: C, 70.59%; H, 8.76%. 

 (E)-2-Ethylhexyl-3,4-(methylenedioxy)cinnamate, 5c". 1H NMR spectrum (300.1 MHz, 

CDCl3): δ 7.58 (d, 2JHH = 15.9 Hz, 1H), 7.04 (d, 4JHH = 1.7 Hz, 1H), 7.00 (dd, 3JHH = 8.0 Hz, 
4JHH = 1.7 Hz, 1H), 6.81 (d, 3JHH = 8.0 Hz, 1H), 6.27 (d, 2JHH = 15.9 Hz, 1H), 6.00 (s, 2H), 

4.10 (dd, 3JHH = 5.9 Hz, 4JHH = 1.5 Hz, 2H), 1.64 (m, 1H), 1.49-1.22 (overlapping m, 8H), 

0.97-0.84 (overlapping t, 6H). 13C{1H} (75.5 MHz, CDCl3): δ 167.6, 149.7, 148.5, 144.3, 

129.1, 124.5, 116.4, 108.7, 106.6, 101.7, 67.0, 39.0, 30.6, 29.1, 24.0, 23.1, 14.2, 11.2. IR 

(neat, cm-1) 1704 (s), ν(C=O). Anal. Calcd. for C18H24O4: C, 71.03%; H, 7.95%. Found: C, 

70.78%; H, 8.12%.  
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5.3. Subsequent Advances 

 The chemistry of Section 5.2 may be expanded by post-metathesis transesterification. The 

methyl esters obtained by use of methyl acrylate as a CM partner are well suited for 

transesterification with larger alcohols under acidic conditions. Removal of the methanol 

product by distillation would aid in driving the reaction to completion.  

 The basis for the improved performance of S-HII in acrylate CM remains incompletely 

understood. One plausible contributor is the “release-return” mechanism for S-HII.79 

According to this mechanism, a molecule of o-isopropoxystyrene is liberated during the 

catalyst initiation, but can re-enter the metathesis cycle, recapturing the four-coordinate 

catalyst once the concentration of the metathesis substrate(s) is depleted. Shuttling from this 

protected recapture cycle into the productive metathesis cycle has been presumed to 

contribute to the improved performance of S-HII relative to S-GII (Figure 5.3).  

 
 Figure 5.3. Shuttling of HII between protected initiation cycle (blue) and productive 

metathesis cycle (red). 

 Whether the “release-return” mechanism is actually operative has been the subject of long 

debate.32,80-82 We recently examined this point,83† using 13C-labelled crossover experiments. 

Highly efficient release and recapture of o-isopropoxystyrene was demonstrated for S-HII 

during RCM and CM of challenging substrates. (It may be noted that these catalysts had 

been widely assumed to turn on rather sluggishly: in fact, it proved facile, meaning that HII 

readily enters into the metathesis cycle). Uptake of the styrenyl ether was also rapid, 

meaning the the resting state for the catalyst is thus S-HII itself (which is sterically protected 

against deactivation), but the catalyst shuttles readily in and out of the active cycle. 
                                                
† This chemistry was described in the M.Sc. thesis of Jennifer M. Bates (84).  
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 Perhaps the most important aspect of this study, however, was the finding that adding 

additional o-isopropoxystyrene to reactions catalyzed by S-HII inhibited metathesis, without 

increasing overall turnover numbers. We conclude that the release-return mechanism, while 

operative, is not in fact responsible for the improved productivity observed for HII. Work by 

Gwendolyn Bailey of this research group has recently pinpointed poisoning by PCy3 as the 

key contributor to the poorer performance of GII. Broadly, this implies that the PCy3 ligand 

in the Grubbs catalyst acts as a latent poison. It traps the active four-coordinate methylidene 

in a five-coordinate resting state that is slow to re-enter the catalytic cycle, and it can also 

directly attack the vulnerable ruthenium methylidene (see Chapter 4). While facile cycling of 

HII between the protected pre-catalyst and the vulnerable resting state is important, the real 

advance of the styrenyl ether ligand is the lower bulk and donicity of the styrenyl ether 

donor, which permits associative pathways that help promote activation. Also key is the 

minimal basicity of the ether ligand, which – unlike free PCy3 – does not participate in 

nucleophilic attack at the vulnerable methylidene site.  
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Chapter 6. Conclusions and Future Directions 

Fundamental research and applied research are often viewed as incompatible in their 

philosophies and objectives. The work described in this thesis illustrates the interplay that 

can (and arguably should) exist between these “opposites”. This work was aimed at 

improving our understanding of the organometallic chemistry of olefin metathesis, and using 

these insights to clarify the contributions of the various species present to catalyst 

deactivation, to understand the mechanisms underlying their vulnerability, and to identify 

potentially potent new directions for catalyst and reaction design.  

Addressing these issues promises to realize the potential of metathesis as an enabling tool 

in sustainable chemical manufacturing. To date, high catalyst costs have limited industrial 

deployment of this Nobel-Prize winning technology. At the outset of this thesis work, no 

industrial processes had been developed using the molecular metathesis catalysts recognized 

with the Nobel Prize in 2005. That significant interest was present, however, was evident 

from the large number of scouting reports from pharma, chiefly describing bench-scale 

reactions. Best-known of these is the case of Ciluprevir.1 Development of a viable synthetic 

route to this macrocyclic tripeptide was the goal of a decade-long program by Boehringer-

Ingelheim. The anticipated market size and pricing for this HCV inhibitor was evidently 

regarded as sufficient to offset the significant research and development costs, as well as the 

direct catalyst costs. 2,3 

While Ciluprevir ultimately failed in clinical trials due to its cardiac toxicity, 2014 has 

been a banner year for olefin metathesis. Simeprevir, a related HCV protease inhibitor co-

developed by Medevir and Janssen Pharma, is the first pharmaceutical product using 

metathesis. It is also a blockbuster drug that is driving the profits necessary for commercial 

production. Despite this huge success, it is important to note that the disclosed route to this 

compound uses a catalyst loading of 2.5 mol%, for a yield of 80%.4 This represents a 

turnover number of just 32. While improvements were undoubtedly made during process 

optimization, this value should be compared with TONs approaching a thousand ultimately 

attained for Ciluprevir. The tolerance for such poor catalyst performance in a lead result 

illustrates both the value of the API target, and the limited synthetic options available. Few 

markets can tolerate the costs of such performance.  
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 Beyond the world of blockbuster drugs, exciting developments are coming online at 

Elevance Renewable Sciences, with commissioning of the world’s first metathesis bio-

refinery. A joint venture with the Asian agrochemicals giant Wilmad, this plant is situated 

within Wilmad’s Indonesia facility. Among the “high-value commodity” targets are 

surfactants, specialty waxes, lubricants, and personal care products, generated by metathesis 

of palm oil. Use of metathesis in this context is impressive, given the razor-thin profit 

margins in the commodity market. Against this, it should be noted that the Elevance products 

are high-performance compounds only attainable using metathesis technology. While 

Elevance does not disclose the conditions, yields, or catalysts used in their processes, an 

important aspect of their operation is undoubtedly Materia’s involvement, which shields 

them from the full costs of catalyst deactivation. Even if Elevance has overcome the 

challenges of catalyst lifetime, disclosing their solutions to the community is unlikely to 

form part of their business plan. These developments underscore the potential of metathesis, 

but also highlight the need for improved understanding of the organometallic chemistry that 

governs catalyst behaviour. That is the focus of this thesis. In the summary of advances 

below, new opportunities are also discussed on a chapter-by-chapter basis. 

 Essential to developing an understanding of the second-generation Grubbs catalyst are 

reliable, high-yield, high-purity routes to the second-generation methylidene complexes. 

Such routes, described in Chapter 2, represent the single most important advance in 

facilitating study of these key species. Incorporation of 13C labels in the methylidene and 

benzylidene sites was a further advance that facilitates tracking of the 

alkylidene/methylidene moiety following deactivation. Additional studies using these 

labelled compounds illustrate their value in giving insight into the nature of the Ru=CHR 

bond. In an illustrative example, the chemical shift tensors of the methylidene and 

benzylidene complexes have been measured by solid-state NMR analysis. These studies have 

given the first insights into the much slower initiation characteristic of the resting state 

methylidene species relative to the precatalyst benzylidene. Additionally, Adrian Botti from 

this research group is employing the 13C-labelled methylidene complexes in crossover 

experiments to measure the rate and extent to which the methylidene species re-enters the 

catalytic cycle. Commitment is an important consideration in determining catalyst 

performance, but has to date frustrated all attempts at experimental quantification. These 
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systems represent the first experimentally viable means of assaying this property, a key 

element of catalyst design. 

   The unexpected impact of NHC saturation on catalyst lifetime is described in Chapter 3. 

The IMes ligand has generally been regarded as a poor man’s H2IMes, and has seen 

relatively little use in metathesis. An unexpected finding was the capacity of these NHC 

ligands to modulate the electron density at the metal in the Grubbs catalyst system. Higher 

net charge donation from the unsaturated NHC (a function of its much poorer π-acidity) 

results in a more electron-rich metal center. Compensating π-backbonding onto the trans-

PCy3 placeholder ligand accounts for the very low phosphine lability in the GII-IMes 

system, which results in longer lifetime, but low initiation efficiency. The impact on total 

turnover numbers of the dramatic decrease in lifetime for the H2IMes methylidene complex, 

relative to its IMes analogue, is a question currently being examined by Adrian Botti of the 

Fogg group.  

 In many ways, however, this finding contains a more fundamental lesson about catalyst 

design. Stronger charge donation limits turnon efficiency (where the trans-ligand is a π-acid). 

However, it is also expected to stabilize the Ru(IV) metallacyclobutane, and olefin 

activation. Taken together, these points lead to the conclusion that the NHC and the trans 

ancillary ligand must be chosen as a pair in order to optimize catalyst activity. Major 

opportunities for the IMes systems are anticipated from use of a non-π-acid ancillary ligand, 

which would accelerate both initiation and, potentially, propagation. This tightly-coupled 

relationship between permanent and placeholder ligands has not previously been 

acknowledged.  

 A theme explored in Chapter 4 is the vulnerability of the methylidene ligand to 

nucleophilic attack. An unexpected finding was the tendency of small donors, such as 

amines, to induce decomposition via a two-step pathway, involving displacement of PCy3 

and attack of the liberated phosphine on the methylidene carbon. Only when the amine is 

present in significant excess does it compete for attack at the methylidene site. The scope of 

this “donor-induced deactivation” pathway is the subject of ongoing studies by William 

McClennan of this research group.  Two important points are already apparent, however. 

First, this highlights a fundamental problem built into the Grubbs catalysts: the fact that they 

bear a ligand that is ultimately the agent of their own demise. Secondly, it suggests that the 
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nature of the ancillary ligands must be considered much more closely: any ligand that can act 

as a nucleophile is a potential methylidene poison.  

 Chapter 5 turns to the Hoveyda catalyst, in which the reduced basicity of the 

isoproxystyrene ligand eliminates the direct problem of nucleophilic deactivation. This study 

highlights the difference between the two dominant metathesis catalysts in use today, the 

Grubbs and Hoveyda catalysts. These can be viewed as the two archetypal structures that 

define virtually all known ruthenium metathesis catalysts. In this analysis, the Grubbs 

catalyst is destined for deactivation by its PCy3 ancillary ligand, whereas the Hoveyda 

catalyst carries no such suicide ligand. Moving forward, development of additional weakly 

nucleophilic stabilizing ligands is likely to be key to improving catalyst lifetime. Additional 

options worth considering are means for removing the ancillary ligand from the system, 

following release.  

 Chapter 5 also presents a new approach to renewable metathesis. The overwhelming focus 

in the application of metathesis to renewable feedstocks is “metathesis cracking”: that is, 

degrading unsaturated oils into simple mono-olefin building blocks. By augmenting on 

natural complexity rather than adding functionality to renewable feedstocks, higher-value 

fine chemical products are obtainable. This represents an alternative approach to “sustainable 

metathesis” which, as with the pharma examples, seeks to amortize high catalyst costs by 

targeting high-value targets. Efficient access to high-value cinnamates from renewable 

phenylpropenoids by cross metathesis with acrylate represents an important new approach to 

sustainable synthesis using metathesis.  

 As a final note, an area of research not addressed in this thesis but worthy of consideration 

centers on methodologies for recycling spent catalyst. A clever first example was recently 

published by the Schrodi group, which described methods for recovering and reactivating 

spent Hoveyda catalyst.5 The reported process is long and energy intensive (18 h at 67 °C), 

but it serves as an important proof of concept. In-situ methods to regenerate lost alkylidene, 

may ultimately prove a powerful means of increasing total turnover numbers, and of 

addressing purification costs.  

 The high-value and high-performance metathesis products highlighted above represent the 

tip of the iceberg in terms of the potential scope and impact of olefin metathesis. Continued 

advances in process efficiency will drive the evolution of this field. As financial barriers to 
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implementation are surmounted, metathesis technologies will reach their potential in 

sustainable chemical manufacturing. Such cost reductions in pharmaceutical manufacturing 

are essential to deliver large-scale treatment to emerging economies, at prices these markets 

can support.   
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 Appendices 

A. NMR Spectra 

 
Figure A.1. 1H NMR spectrum (300.1 MHz, C6D6) of GIm. Residual solvent is designated 
by (*). 

 
Figure A.2. 31P{1H} NMR spectrum (121.5 MHz, C6D6) of GIm. 
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Figure A.3. 1H NMR spectrum (500.1 MHz, C6D6) of S-GIIm. Residual solvent is 
designated by (*). 

 

Figure A.4. 31P{1H} NMR spectrum (202.5 MHz, C6D6) of S-GIIm. 
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Figure A.5. 1H NMR spectrum (500.1 MHz, C6D6) of A-GIIm. Residual solvent is 
designated by (*). 

 
Figure A.6. 13C{1H} NMR spectrum (125.8 MHz, C6D6) of A-GIIm. Residual solvent is 
designated by (*). 
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Figure A.7. 1H-13C HMBC correlation spectrum of A-GIIm (500.1 MHz, C6D6), showing 
location of Ru=CH2 carbon signal. 

 
Figure A.8. 31P{1H} NMR spectrum (202.5 MHz, C6D6) of A-GIIm. 
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Figure A.9. NMR spectra for RuCl2(PCy3)2(=13CHPh), *GI: (a) 1H NMR spectrum (300.1 
MHz, C6D6). (b) 31P{1H} NMR spectrum (121.5 MHz, C6D6). (c) 13C{1H} NMR spectrum 
(75.5 MHz, C6D6).  
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Figure A.10. NMR spectra for RuCl2(PCy3)(H2IMes)(=13CHPh), *S-GII: (a) 1H NMR 
spectrum (300.1 MHz, C6D6). (b) 31P{1H} NMR spectrum (121.5 MHz, C6D6). (c) 13C{1H} 
NMR spectrum (75.5 MHz, C6D6). The poor resolution of the benzylidene phenyl signals is 
due to swiveling of this group.1,2 
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Figure A.11. NMR spectra for RuCl2(PCy3)2(=13CH2), *GIm: (a) 1H NMR spectrum (300.1 
MHz, C6D6). (b) 31P{1H} NMR spectrum (121.5 MHz, C6D6). (c) 13C{1H} NMR spectrum 
(75.5 MHz, C6D6).  
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Figure A.12. NMR spectra for RuCl2(PCy3)(H2IMes)(=13CH2), *S-GIIm: (a) 1H NMR 
spectrum (300.1 MHz, C6D6). (b) 31P{1H} NMR spectrum (121.5 MHz, C6D6). (c) 13C{1H} 
NMR spectrum (75.5 MHz, C6D6).  
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Figure A.13. 31P{1H} NMR spectra (121.5 MHz, C6D6) showing decomposition of S-GIIm 
by amines N1–N4 at RT, at the first half-life where accessible. For product distribution, see 
Table A.1. 
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Figure A.14. 31P{1H} NMR spectra (121.5 MHz, C6D6) showing decomposition of S-GIIm 
by N1–N4 at 60 °C. P1 shifted 0.5 ppm upfield at 60 °C. The singlet at 87.0 ppm 
(unassigned) in the bottom NMR spectrum accounts for 14% of total integration. For product 
distribution, see Table A.1. 
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Table A.1. Product distribution in decomposition of S-GIIm by amines N1–N4 (data from 
Figures A13, A14).a 
amine T 

(°C) 

time amine adducts 

δP; amount 

# new 31P 

NMR signals 

% 

decomp 

% P1 

N1 23 70 min N/A 1 >99 100 

 60 10 min N/A 1 >99 100 

N2 23 90 min  19.01 (s); 1% 1 50 45 

 60 10 min 19.03 (s); 2% 2 50 46 

N3 23 14 h 19.16 (s); <1% 2 50 37 

 60 25 min 19.18 (s); 1% 2 50 34 

N4 23 24 h 19.51 (s); 1%  3 16 5 

 60 130 min 19.32 (s); 2% 

19.25 (br); 12% 

3 50 37 

none 60 160 min N/A 1 53 45 
a 20 mM Ru in C6D6 at RT (23 °C); 1.1 equiv amine. Decomposition assessed from total alkylidene integration, 
normalized to TMB as internal standard. Phosphonium salt quantified as % of total 31P NMR integration. 
Values are average of two independent trials (±3%).  
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Figure A.15. 31P{1H} NMR spectrum (121.5 MHz) showing decomposition of MCB by N1–
N4 (1.1 equiv) at 60 °C in C6D6, shown at >95% decomposition. The symbol (•) denotes 
unknown products. For product distribution, see Table A.2. 
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Table A.2. Product distribution in RCM reactions carried out in the presence of amines N1–
N4.a 

 Additive % P1 % PCy3 Other 

 N1 97 3 0 

 N2 73 24 0 

 N3 96 4 0 

 N4 0 84 16 

 None 63 20 16 
a 20 mM Ru in C6D6 at RT (60 °C); 1.1 equiv amine. Phosphonium salt (P1) and free PCy3 are shown as % of 
total 31P NMR integration. Values are average of two independent trials (±3%).  
 

 
Figure A.16. 1H NMR spectrum for RuCl2(H2IMes)(DBU)(=CHPh) Ru-2(N4) (C6D6, 500.1 
MHz, 328 K). 
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Figure A.17. 13C{1H} NMR spectrum of RuCl2(H2IMes)(DBU)(=CHPh) Ru-2(N4) (C6D6, 
125.8 MHz, 328 K). 

 
Figure A.18. 1H NMR spectrum (300.1 MHz, CD2Cl2) of RuCl2(σ-CH2PCy3)(py)3 Ru-6 after 
10 min or 18 h at 25 °C, with a constant number of scans (64). The label ^ denotes free 
pyridine. 
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Figure A.19. NMR spectra for Ru-6 in C6D6 (in which Ru-6 is longer-lived relative to 
CD2Cl2, but less soluble). (a) 1H NMR spectrum (300.1 MHz, C6D6). (b) 31P{1H} NMR 
spectrum (75.5 MHz, C6D6). The label ^ denotes free pyridine; signals marked (•) are 
unassigned. 
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Figure A.20. Reaction of RuCl2(PCy3)2(=13CH2) *GIm with pyridine, under the conditions 
shown. (a) 1H NMR spectrum (500.1 MHz, C6D6). (b) 31P{1H} NMR spectrum (202.5 MHz, 
C6D6); signal marked P2 is unassigned. (c) 13C{1H} NMR spectrum (125.8 MHz, C6D6). 
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Figure A.21. Reaction of *S-GIIm with pyridine, under the conditions shown. (a) 1H NMR 
spectrum (500.1 MHz, C6D6). (b) 31P{1H} NMR spectrum (202.5 MHz, C6D6). (c) 13C{1H} 
NMR spectrum (125.8 MHz, C6D6).  
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Figure A.22.13C{1H} NMR spectra (75.5 MHz, C6D6) showing decomposition of in-situ 
generated *Ru-6, and formation of *P1.  

 
Figure A.23. 31P{1H} NMR spectrum (75.5 MHz, C6D6) corresponding to the experiment of 
Figure A22. Signals P2-P4 are unassigned. 
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Figure A.24. 31P{1H} NMR spectrum (75.5 MHz, C6D6) showing the formation of Ru-6 
during GI–promoted RCM in the presence of pyridine. Signals P2, P3, and P5 are 
unassigned.  
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Figure A.25. 1H NMR spectrum (300.1 MHz, CDCl3) of (E)-2-ethylhexylferulate 5b". 

 

Figure A.26. 13C{1H} NMR spectrum (75.5 MHz, CDCl3) of 5b". 
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Figure A.27. 1H NMR spectrum (300.1 MHz, CDCl3) of (E)-2-ethylhexyl-3,4-
(methylenedioxy)cinnamate 5c". 

 

Figure A.28. 13C{1H} NMR spectrum (75.5 MHz, CDCl3) of 5c". 
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B. Mass Spectra 

 
Figure B.1. ESI mass spectrum of imidazolinium cation present in one batch of free H2IMes. 
Sample measured in aqueous MeCN (33% v/v) with 0.1% v/v formic acid.  
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C. Crystallographic Data 

Table C.1. Crystallographic parameters for A-GIIm. 
A. Crystal data  
formula C40H59Cl2N2PRu 
formula weight 
crystal dimensions (mm) 

770.83 
0.16 × 0.14 × 0.02 

crystal system monoclinic 
space group P21/n (an alternate setting of P21/c [No. 14]) 
unit cell parametersa  
 a (Å) 12.2117 (3) 
 b (Å) 18.0562 (6) 
 c (Å) 18.2926 (6) 
 β (deg) 103.741 (2) 
 V (Å3) 3918.0 (2) 
 Z 4 
ρcalcd (g cm-3) 1.307 

µ (mm-1) 5.088 
B. Data collection and refinement  
Diffractometer Bruker D8/APEX II CCDb 
radiation (λ [Å]) Cu Kα (1.54178) (microfocus source) 
temperature (°C) –100 
scan type ω and φ scans (1.0°) (5 s exposures) 
data collection 2θ limit (deg) 135.98 
total data collected 25622 (-14 ≤ h ≤ 14, -21 ≤ k ≤ 21, -21 ≤ l ≤ 21) 
independent reflections 6912 (Rint = 0.1444) 
number of observed reflections (NO) 4015 [Fo2 ≥ 2σ(Fo2)] 
structure solution method Patterson/structure expansion (DIRDIF–2008c) 
refinement method full-matrix least-squares on F2 (SHELXL–97d) 
absorption correction method Gaussian integration (face-indexed) 
range of transmission factors 0.8876–0.4910 
data/restraints/parameters 6912 / 1e / 429 
extinction coefficient (x)f 0.00016(3) 

goodness-of-fit (S)d [all data] 0.954 

final R indicese  

       R1 [Fo2 ≥ 2σ(Fo2)] 0.0517 

       wR2 [all data] 0.0517 
largest difference peak and hole 0.499 and –0.699 e Å-3 
aObtained from least-squares refinement of 3223 reflections with 7.92° < 2θ < 105.86°. 
bPrograms for diffractometer operation, data collection, data reduction and absorption 

correction were those supplied by Bruker. 
cBeurskens, P. T.; Beurskens, G.; de Gelder, R.;  Smits, J. M. M.; Garcia-Granda, S.; Gould, 

R. O. (2008).  The DIRDIF-2008 program system. Crystallography Laboratory, Radboud 
University Nijmegen, The Netherlands. 

dSheldrick, G. M.  Acta Crystallogr. 2008, A64, 112–122. 
eThe C1–H1A and C1–H1B distances were constrained to be equal (within 0.06 Å) during 

refinement. 
fFc* = kFc[1 + x{0.001Fc2λ3/sin(2θ)}]-1/4 where k is the overall scale factor. 
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gS = [Σw(Fo2 – Fc2)2/(n – p)]1/2 (n = number of data; p = number of parameters varied; w = 
[σ2(Fo2) + (0.0490P)2]-1 where P = [Max(Fo2, 0) + 2Fc2]/3). 

hR1 = Σ||Fo| – |Fc||/Σ|Fo|; wR2 = [Σw(Fo2 – Fc2)2/Σw(Fo4)]1/2. 
 

Table C.2. Crystallographic parameters for S-GIIm. 

A. Crystal data  
formula C46H67Cl2N2PRu 
formula weight 
crystal dimensions (mm) 

850.96 
0.48 × 0.45 × 0.19 

crystal system monoclinic 
space group P21/n (an alternate setting of P21/c [No. 14]) 
unit cell parametersa  
 a (Å) 11.7908 (5) 
 b (Å) 21.2371 (9) 
 c (Å) 17.6139 (8) 
 β (deg) 94.2194 (5) 
 V (Å3) 4398.6 (3) 
 Z 4 
ρcalcd (g cm-3) 1.285 

µ (mm-1) 0.547 
B. Data collection and refinement  
Diffractometer Bruker D8/APEX II CCDb 
radiation (λ [Å]) graphite-monochromated Mo Kα (0.71073) 
temperature (°C) –100 
scan type ω scans (0.3°) (20 s exposures) 
data collection 2θ limit (deg) 55.02 
total data collected 38769 (-15 ≤ h ≤ 15, -27 ≤ k ≤ 27, -22 ≤ l ≤ 22) 
independent reflections 10101 (Rint = 0.0277) 
number of observed reflections (NO) 9108 [Fo2 ≥ 2σ(Fo2)] 
structure solution method direct methods (SHELXS–97c) 
refinement method full-matrix least-squares on F2 (SHELXL–97c) 
absorption correction method Gaussian integration (face-indexed) 
range of transmission factors 0.9041–0.7788 
data/restraints/parameters 10101 / 0 / 483 
extinction coefficient (x)f 0.00016(3) 

goodness-of-fit (S)d [all data] 1.040 

final R indicese  

       R1 [Fo2 ≥ 2σ(Fo2)] 0.0280 

       wR2 [all data] 0.0721 
largest difference peak and hole 0.498 and –0.444 e Å-3 
aObtained from least-squares refinement of 9912 reflections with 4.30° < 2θ < 49.50°. 
bPrograms for diffractometer operation, data collection, data reduction and absorption 

correction were those supplied by Bruker. 
cSheldrick, G. M.  Acta Crystallogr. 2008, A64, 112–122. 
dS = [Σw(Fo2 – Fc2)2/(n – p)]1/2 (n = number of data; p = number of parameters varied; w = 

[σ2(Fo2) + (0.0276P)2 + 3.1363P]-1 where P = [Max(Fo2, 0) + 2Fc2]/3). 
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eR1 = Σ||Fo| – |Fc||/Σ|Fo|; wR2 = [Σw(Fo2 – Fc2)2/Σw(Fo4)]1/2. 
 
Table C.3. Crystallographic parameters for Ru-6. 

A. Crystal data  
formula C34H50Cl2N3PRu 
formula weight 703.71 
crystal dimension (nm) 0.41 × 0.35 × 0.22 
crystal system monoclinic 
space group P21/c (No. 14) 
unit cell parametersa  
 a (Å) 17.3322 (12) 
 b (Å) 10.9026 (8) 
 c (Å) 17.5380 (12) 
 β (deg) 93.0376 (8) 
 V (Å3) 3309.4 (4) 
 Z 4 
ρcalcd (g cm-3) 1.412 

µ (mm-1) 0.712 
diffractometer Bruker D8/APEX II CCDb 
radiation (λ [Å]) graphite-monochromated Mo Kα (0.71073) 
temperature (°C) –100 
scan type ω scans (0.3°) (15 s exposures) 
data collection 2θ limit (deg) 56.64 
total data collected 28446 (-22 ≤ h ≤ 22, -14 ≤ k ≤ 14, -23 ≤ l ≤ 23) 
independent reflections 8002 (Rint = 0.0215) 
number of observed reflections (NO) 7494 [Fo2 ≥ 2σ(Fo2)] 
structure solution method direct methods (SHELXS–2013c) 
refinement method full-matrix least-squares on F2 (SHELXL–2013c) 
absorption correction method Gaussian integration (face-indexed) 
range of transmission factors 0.9136–0.7961 
data/restraints/parameters 8002 / 0 / 424 
goodness-of-fit (S)d [all data] 1.064 

final R indicese  

       R1 [Fo2 ≥ 2σ(Fo2)] 0.0231 

       wR2 [all data] 0.0636 
largest difference peak and hole 0.663 and –0.568 e Å-3 
aObtained from least-squares refinement of 9207 reflections with 4.42° < 2θ < 56.04°. 
bPrograms for diffractometer operation, data collection, data reduction and absorption 

correction were those supplied by Bruker. 
cSheldrick, G. M.  Acta Crystallogr. 2008, A64, 112–122. 
dS = [Σw(Fo2 – Fc2)2/(n – p)]1/2 (n = number of data; p = number of parameters varied; w = 

[σ2(Fo2) + (0.0329P)2 + 1.3492P]-1 where P = [Max(Fo2, 0) + 2Fc2]/3). 
eR1 = Σ||Fo| – |Fc||/Σ|Fo|; wR2 = [Σw(Fo2 – Fc2)2/Σw(Fo4)]1/2. 
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D. Handling of isotopically-labelled ethylene 

 A needle valve was installed on lecture bottles of labelled gases to permit controlled 

dispensing of small gas volumes. Once the bottle pressure dropped below 1 atm (14.7±1 psi 

local value), the lecture bottle was warmed in a hot-water bath to increase the pressure to the 

1 atm level required for continued dispensing. Labelled gases were transferred to evacuated 

flasks via a delivery system of minimum volume (Figure D.1).  

 
Figure D.1. Transferring isotopically-labelled ethylene from lecture bottle to reaction flask 
using a T-valve connected to an oil bubbler. Load position: T-valve open to flask and lecture 
bottle; Pressure check position: T-valve open to oil bubbler.  
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