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Abstract

:

Ruthenium olefin metathesis catalysts are one of the most commonly used class of catalysts. There are multiple reviews on their uses in various branches of chemistry and other sciences but a detailed review of their decomposition is missing, despite a large number of recent and important advances in this field. In particular, in the last five years several new mechanism of decomposition, both olefin-driven as well as induced by external agents, have been suggested and used to explain differences in the decomposition rates and the metathesis activities of both standard, N-heterocyclic carbene-based systems and the recently developed cyclic alkyl amino carbene-containing complexes. Here we present a review which explores the last 30 years of the decomposition studied on ruthenium olefin metathesis catalyst driven by both intrinsic features of such catalysts as well as external chemicals.
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1. Introduction


While the importance of ruthenium for olefin metathesis, one of the most prominent methods to form new C–C bonds, was realized already in the 1960s [1,2], the true dawn of the ruthenium-driven metathesis olefin catalysis came in 1992 with the synthesis of the first well-defined complex [3]. This breakthrough complex, synthesized in the Grubbs group, had many of the structural features found in modern, highly efficient and specialized metathesis catalysts. What followed were the 1st (GI), 2nd (GII) and 3rd (GIII) generation catalysts [4,5,6,7,8] and Hoveyda-Grubbs catalyst (HG) [9] which gave rise to hundreds of precatalysts with very distinct structural features but always based on the essential, 16-electron skeleton with the Ru atom at its core [10,11,12,13,14] (Figure 1). Nowadays, ruthenium metathesis catalysts are used in all branches of chemistry, ranging from pharmaceutical sciences [15,16,17,18,19] and synthesis of macrocyclic musks [20,21] to the petrochemical industry [22,23,24].



Soon after the discovery of first ruthenium metathesis catalysts it was realized that they do not easily undergo decomposition, though there are various external agents that can degrade these catalysts as well as several chemical groups that are not compatible with them. These studies were very valuable, since by proposing the probable decomposition mechanisms they inspired and guided other groups in the synthesis of new, modified catalysts with improved stabilities and less vulnerable to degradation. As a result of these over 30-year long investigations, we have today vastly improved our understanding of how structural features of ruthenium complexes affect their stabilities and reactivities as well as what are the major decomposition routes of metathesis catalysts. A good understanding of the entire catalytic cycle of metathesis, first proposed by Chauvin and presented in Figure 2, was also vital for these findings [25].



The review is organized in the following manner. First, we discuss the available scientific literature on the decomposition routes of ruthenium metathesis catalysts which are common for all catalyst, such as Ru = C double bond and do not depend on the specific structural features of such catalysts, such as different auxiliary ligands These include the olefin-driven decomposition as well as decomposition initiated by various external agents and solvents, divided by their chemical properties. Next we focus on two main classes of metathesis catalysts—phosphine-containing and n-heterocyclic carbene (NHC)-containing ones and review most known decomposition routes which are either phosphine-driven or NHC-driven. Finally we provide a summary and a future outlook for the decomposition studies of this important family of widely used catalysts.



The most recent review on ruthenium metathesis catalysts’ decomposition was reported in 2014 by Nolan group and dealt mostly with C–H activation, shortly mentioning several other mechanisms of degradation [26]. Since then a large number of new ruthenium metathesis catalysts has been designed and there have been a plethora of works presenting new results on their decomposition, therefore we believe that a new review on this topic is timely and relevant.




2. Non-Specific Decomposition Routes


In this section we describe the current state of knowledge for the non-specific decomposition routes of ruthenium metathesis catalysts. These include all the decomposition pathways which are driven by external agents and do not depend on the specific features of certain catalysts but are possible for all catalysts due to structural features and metathesis mechanisms shared by all of them.



2.1. Olefin-Driven Self-Degradations


Historically the decomposition studies of Grubbs-type complexes have been initiated by Grubbs and co-workers, who investigated the phosphine-driven decomposition of 1st and 2nd generation Grubbs complexes; this is described later in this review. Soon after their studies van Rensburg et al. showed, however, that for these catalysts a substrate-induced pathway is also viable. In their seminal work authors of this study performed density functional (DFT) calculations on the 1st and 2nd generation Grubbs complexes and showed that in both cases the Gibbs free energy barriers of β-hydride transfer from metallacyclobutane are relatively low (16.9 kcal/mol for 1st generation Grubbs catalyst and 24.3 kcal/mol for 2nd generation one) [27] (Scheme 1). To confirm these findings they also performed ruthenium methylidene-catalyzed metathesis of ethylene which yielded, among other olefins, 1-propene and different isomers of butane, which is possible only via β-hydride transfer. It is worth mentioning here, that a different mechanism for olelfin isomerization (but not catalyst decomposition) was proposed 2 years earlier by Nolan and Prunet [28]. Van Rensburg et al. also found that 38% of the starting 2nd generation methylidene has decomposed after 16 h exposure to excess ethylene in 40 °C. This work marked the first study where the evidence of olefin-driven decomposition of ruthenium metathesis catalyst has been given, together with a feasible mechanistic explanation. It was followed in 2006 by a DFT study from the same group where the decomposition pathways of first-generation and second-generation Grubbs catalyst as well as two isomeric Phobcat catalysts were studied [29]. In this work the entire decomposition pathway with ethylene, starting from precatalysts and ending at the propene-associated catalyst, was explored. The results were similar to the previous study, as the transition state leading to the β-hydride transfer from metallacyclobutane was in each case the rate-limiting step of the decomposition, with values ranging from 23.4 to 26.9 kcal/mol.



In the same year an interesting experimental study performed in the continuous flow reactor by Lysenko et al. showed that ethylene pretreatment of the 1st generation Grubbs catalyst induces catalyst’s deactivation [30]. Interestingly, similar pretreatment with cis-2-butene had little effect on the catalyst activity. Authors of this investigation concluded that the methylidene species generated from the catalyst and ethylene is unstable and promotes catalyst loss, while ruthenium alkylidene derived from 2-butene is rather stable and allows to sustain catalyst integrity. This was the first indication that various olefins may deactivate/decompose metathesis catalysts with a different rate or to a different extent.



In 2007, Nizovtsev et al. perform a similar study to the original work of van Rensburg but using the Hoveyda-Grubbs catalyst [31]. They showed that in a metathesis reaction with ethylene a mixture of olefins is obtained. with a preferable formation of propylene. Based on these results they postulated that the decomposition route utilizing the β-hydride transfer is preferred, although suggested also other mechanism leading to for example, diruthenium species.



Due to the improvements in computational techniques more and more complex and sophisticated studies of ruthenium catalysts became possible in the next decade. One of the most prominent works dealing with Ru metathesis catalysts decomposition from that time is the investigation by Ashworth et al. describing the competition between the metathesis and isomerization [32]. In this work authors computationally investigated three different, complete routes of propylene isomerization using the van Rensburg mechanism, Nolan-Prunet mechanism and finally a direct hydride transfer from a ruthenium hydride species. (Scheme 2). They found very high energy barriers of hydrogen transfer to methylidene for the Nolan-Prunet mechanism (over 28 kcal/mol with respect to methylidene), which were much higher than those for the van Rensburg mechanism. They concluded that the methylidene route using the van Rensburg mechanism is the most favorable from the energy point of view and once again reaffirmed that metallacyclobutane decomposition is the rate-limiting step of this decomposition path. They also showed that for olefins (such as allylbenzene) the barrier of the van Rensburg transition state is much higher (around 8 kcal/mol higher than for ethylene). This finding was later confirmed by Trzaskowski et al., who studied the impact of structural changes in the olefin, as well as in the carbene part of the catalyst on the energetics of van Rensburg’s decomposition [33,34].



The most thorough computational analysis of many possible decomposition routes of Hoveyda-Grubbs complexes has been presented in 2017 in the work from Jensen laboratory [35]. In this study DFT approach has been used to explore all possible events during metathesis catalytic cycle, including deactivation, decomposition, regeneration, isomerization and the proper catalysis itself. From the decomposition point of view this investigation is particularly valuable, since it deals with almost all theoretically plausible degradation pathways, including those very unlikely (due to very high energy barriers) and therefore rarely/never studied. These included, for example, the previously mentioned Nolan-Prunet mechanism, the C–H activation of precatalyst and methylidene, the formation of diruthenium species and a few other mechanisms. Nevertheless, it was shown again that for ethylene the lowest Gibbs free energy barrier of decomposition is associated with the van Rensburg mechanism. Additionally, it was also demonstrated that the analogous barrier of decomposition with a larger olefin, allylbenzene, is 7.7 kcal/mol higher with respect to the precatalyst. (Scheme 3) Finally, a new mechanism of decomposition was proposed for olefins composed of at least three carbon atoms, namely 1-alkene-triggered decomposition, which proceeds via a trigonal bipyramidal metallacyclopentane intermediate (Scheme 3). The energy barrier for the rate-limiting step of this path was estimated at 29.5 kcal/mol with allylbenzene, around 3 kcal/mol lower than for the van Rensburg route, rendering this mechanism likely.



The final, for now, piece of olefin-driven decomposition puzzle was discovered in 2018 when a new mechanism involving bimolecular coupling has been suggested by Fogg and Jensen [36]. The experiments and identification of ruthenium decomposition products of Hoveyda-Grubbs catalyst allowed them first to rule out the Buchner expansion and NHC cyclometallation pathways due to the fact that the NHC remained intact. On the other hand combined kinetic and DFT mechanistic studies allowed them to suggest three different bimolecular complexes bridged either by two Cl, two ethylene or one –CH2– group. The final conclusion of this work was that the CH2–bridged complex is the only likely candidate for the further decomposition, as this transition state had a relatively low Gibbs free energy barrier (Scheme 4). These findings were further supported by experimental data from decomposition experiments of Hoveyda-Grubbs and usually more stable cyclic alkyl amino carbene (CAAC) catalysts [37]. As expected, CAAC catalysts were shown to undergo little or no β-hydride elimination via the van Rensburg mechanism, contrary to the Hoveyda-Grubbs catalyst. Surprisingly, CAAC catalysts were found to be more susceptible to bimolecular coupling than the Hoveyda-Grubbs catalyst. The final conclusion of the study was that CAAC catalyst offer a very high productivity combined with little decomposition particularly at ppm loadings, since at such low catalysts concentrations the impact of bimolecular coupling is relatively low.




2.2. Alcohol and Alkoxy-Driven Decomposition


Despite the excellent tolerance of various functional groups to ruthenium metathesis catalysts, conducting such a transformation in water or protic solvents, such as alcohols, remains a challenge. Alcohols and water can act as either Lewis acids or bases but in the presence of metathesis catalysts they usually act as a Lewis acids, abstracting a chloride from the catalyst. On the other hand simple alkoxides are strong bases and act a Lewis bases, usually attacking directly the ruthenium core bearing the formal +2 charge. Here we will describe research focused on the understanding of mechanisms governing the decomposition of metathesis catalysts.



One of the first degradation mechanism of 1st generation Grubbs catalysts in the presence of the alcohols was proposed by Dinger and Mol [38]. The research was mainly dictated by the curiosity to explain the formation of ruthenium hydride 1, a potential isomerization catalyst. The authors observed the formation of 1 from GI in primary alcohol/toluene solution at 70–75 °C overnight (Scheme 5) and noticed that this reaction was accelerated by addition of appropriate bases (such as Et3N, CH3ONa, NaOH, K2CO3). Moreover, based on labeling experiments, they confirmed that the source of hydrogen in the reaction is alcohol dehydrogenation occurring in a non-catalytic manner.



The postulated mechanism suggests that the hydrochloride is eliminated as Et3N*HCl as a result of alcohol dehydrogenation. At the same time, aldehyde, formed in this stage, reacts with the metal center, which after decarbonylation gives carbonyl and ruthenium hydride species (Scheme 6). It needs to be highlighted that when reacting with longer aliphatic alcohols, beside 1, toluene was formed as the main by-product. This results implies that the above-mentioned mechanism cannot be directly extended to other alcohols with longer aliphatic chains and is valid only for small and simple alcohols. Additionally, under the same reaction conditions benzyl alcohol gave an unexpected complex 2, inconsistent with last step of the proposed mode of action (Scheme 5).



The same group extended this research to 2nd generation Grubbs (GII) complexes [39,40]. As in the case of the GII complex, the formation of the corresponding ruthenium hydride 3 was also observed but two other hydrides were also found (Scheme 5). One of them was unidentified and the other turned out to be complex 1, resulting likely from the exchange of the N-heterocyclic carbene (NHC) ligand for phosphine [39]. The authors emphasized, however, that the relatively long time needed to create this complex limited its potential role in competitive reactions. Notwithstanding, when the reaction with alcohol, including benzyl alcohol, was subjected to GII_SIPr, only the formation of an analogous product 3 was observed [40].



At around the same time Wolf and co-workers conducted very similar studies but with focus on the reaction of ruthenium GI with allyl alcohols at room temperature [41]. In the presence of the allylic alcohol, the GI catalyst gave first the hydroxymethyl carbene 4, which further decomposed in solution to an inactive carbonyl species 5, propanal and small amounts of ethane and propenal (Scheme 7). The mechanism of this transformation (Scheme 8) starts with the β-hydrogen transfer from CH2 of alkylidene group to the ruthenium center and the formation of an hydride intermediate which, after reductive elimination, gives a metal π-complex with enol. In the next step, such a complex isomerizes to aldehyde and, via the C-H bond oxidative addition, an (acyl)hydrideruthenium species is formed. In the final step a methyl migration and elimination yields ruthenium carbonyl complex 5.



The same ruthenium complex 4 can follow a different deactivation pathway in the solid state to rearrange into carben 6. As a possible explanation for these observations authors suggested a nucleophilic attack of the OH group of CH2OH at the carbene carbon to form a protonated oxirane, where [RuCl2(PCy3)2]- acts as a substituent of the three-membered ring. Next, opening of epoxide and hydrogen transfer to CH2 moiety occurs, which leads to the formation of complex 6 (Scheme 8).



While Mol and co-workers noted that secondary alcohols were ineffective in the reaction with [RuCl2(PCy3)2], Wolf’s Group presented a full reaction pathway using 3-buten-2-ol as an example of such reaction (Scheme 9). The main difference, compared to the previously suggested primary alcohol-driven mechanism, was the inability of acetone to undergo oxidative addition, which allowed the formation of a π-complex with a substrate molecule. The following β-hydride transfer to ruthenium yields a π-allyl-derivative, which could rearrange to a Ru-enol complex. The only product observed in this reaction was butanon, which was formed as a consequence of rapid tautomerization of the starting enol molecule, coinciding with the exchange of acetone.



Detailed experimental studies on the conditions required for the benzylidene ligand abstraction of 1st and 2nd generation Grubbs catalysts by reacting with the excess of methoxide were investigated by Fogg and co-workers [42,43]. They showed that at ambient temperatures ruthenium catalysts treated with NaOCH3, used to eliminate nonessential byproducts derived from thermal decomposition, decompose to different hydrogen species depending on the nature of the catalyst [43]. Under these conditions, GI was transformed promptly into two hydride complexes 8 and 9 (Scheme 10), while the second generation GII_IMes gave one stable methoxyhydride species 10, in contrast with previous observations [39,40]. In this case, the relative ease of methanol undergoing β-elimination prevents the formation of carbynes and bisalkoxide complexes, in contrast with analogous reactions with other alkoxides [44,45,46,47]. Additionally, phosphine addition delayed the consumption of the GI catalyst, while the rate of the GII_IMes decomposition was not affected by it. This finding was associated with a higher lability of PCy3 moiety in 1st generation catalysts and an easier formation of a four-coordinated intermediate [Ru(Cl2)(=CHPh)L] (path 1, Scheme 11). Subsequent steps of the suggested mechanism begin with the reaction of the metathesis catalyst via exchange of the chloride ligands followed by the transfer of a hydrogen atom from attached methoxy group to the benzylidene. Next, formaldehyde coordination, insertion of CO, abstraction of benzyl moiety as toluene and rebinding of PCy3 occurs, which is in line with previous observations made by Mol et al. [38]. The formation of a four-coordinate compound as a result of phosphine dissociation is highlighted as the crucial decomposition pathway [43]. A plausible mechanism of conversion of complex 7 to a six-coordinated species 8 and 9 is multi-step and starts with the introduction of an additional methoxide ligand as shown also on Scheme 11.



In 2020, Fogg’s group reported a study on the degradation of the 2nd generation Hoveyda-Grubbs catalyst induced by the hydroxide ion [48]. In this work a new pathway of decomposition was proposed (Scheme 12) which differed from the previously proposed decomposition driven by hydroxide in methanol [43]. In the latter work the catalysts (Scheme 10 and Scheme 11) were transformed into Ru-hydride species via β-elimination of a methoxide adduct [43]. In the present work, however, the ring-closing metathesis (RCM) reaction of diethyl diallylmalonate in the presence of [NnBu4][OH] showed a rapid decrease in the catalytic activity of HGII complex. An instant quenching of a similar experiment without the olefin suggested that hydroxide ion attacked precatalyst, yielding the product, which either decomposed during the first catalytic cycle or was inactive in metathesis. The authors synthesized the putative bis-hydroxide complex HGII-OH in 85% yield (Scheme 12) and it demonstrated an almost complete lack of reactivity (<3%) in model RCM reactions. The synthesized bis-hydroxide complex HGII-OH gave styrene ether as the product of metathesis exchange and propenes E/E’ bya β-elimination of a corresponding metallacyclobutane. Since the identified products referred to only 50% of HGII-OH used in the reaction, it was suggested that the bimolecular coupling of bis-hydroxide ruthenium methylidene adduct HGIIm-OH might be responsible for a further decomposition of this species. Computational comparison of the dimerization and the ethylene binding indicated that the hetero-coupling is indeed preferred by ca. 12.4 kcal/mol (Scheme 12). This results was in line with kinetics studies showing that the rate-limiting step of the reaction was the formation of an essential methylidene intermediate HGIIm-OH. Two stable isomers were predicted, transoid- and cisoid-Ru. Additionally, the capture and decomposition of HGII-OH by an already decomposed ruthenium species were noted and explained by a H-bonding capacity of the hydroxide ligand.



In silico studies of the alcohol-driven decomposition mechanism proposed by Mol [39] for the benzylidene 2nd generation Grubbs-type catalyst was conducted by Young et al. [49] Authors considered two possible decomposition mechanism dubbed phosphine-off and phosphine-on (Scheme 13), which correspond to either a dissociative or an associative metathesis mechanism, respectively. The initial assumption made by authors was that the associative pathway has the advantage of saving the cost of phosphine dissociation but the calculated energy barriers for individual transition states were higher than for the dissociative path, thereby indicating the dissociative mechanism as the preferred one. The value of the estimated Gibbs free energy barrier for limiting transition state (methoxide reaction with benzylidene via hydride transfer) of 55.8 kcal/mol, with respect to the initial complex is, however, at least puzzling. The authors explained this result by noting, that the reverse reaction from the –OCH3 adduct is highly unlikely, thus formally resetting the energy of this adduct to zero, resulting in the final Gibbs free energy barrier of only 25.2 kcal/mol. The last step of this pathway proceeds through an unstable intermediate 11, which converts immediately to ruthenium hydride complex 3, rather than through 12, due to a favorable position of the CHO ligand for hydrogen abstraction.



The influence of the indenylidene ligand on decomposition process was examined by Nolan’s group [50]. A quantitatively received and rather unexpected product from a reaction of M10 with a stoichiometric amount of Et3N in ethanol (Scheme 14) demonstrated different decomposition behavior compared to other metathesis catalysts investigated so far. The new η5-ruthenium complex was formed through the phosphine dissociation and rearrangement to an indenyl complex 13. The overall reaction rate, determined by means of nuclear magnetic resonance (NMR), was phosphine independent, although its excess decreases the rate of reaction.



The same group performed also theoretical DFT studies to evaluate energetic cost of such transformation (Scheme 15) using methanol as the model alcohol. The suggested mechanism starts with the substitution of the phosphine by an alcohol molecule and proton transfer from the methanol to the base through transition state TS AB (12.9 kcal/mol), yielding an intermediate with PPh3 ligand trans to MeO. Additionally, methoxy group and adjacent Cl ligand interacting via hydrogen bond with Et3NH+ force the loss of Et3NH+Cl- via TS BC (24.0 kcal/mol) transition state, giving intermediate C with the simultaneous shift of the methoxy group into the vacant cis position with respect to the phosphine. The rebinding of phosphine allows for an energy gain of 19.6 kcal/mol. Based on the analysis of the entire cycle, it was suggested that the rate-limiting step of this reaction is the final hydrogen transfer from the methoxy ligand to the ylidene carbon atom (TS D→E) and the release of formaldehyde. The last isomerization step from η1-species to a more thermodynamically stable form 13 was shown to be practically barrierless. The impact of the base on this mechanism was found to be significant, since it lowers the energy barrier of initial TS BC by ca. 16 kcal/mol, compared to direct H transfer from MeOH to Cl. This is in good agreement with experimental evidence of base-promoted alcoholysis [38,43] and the determined activation energy (25.7 kcal.mol) [50].



The use of an analogous methodology for obtaining ‘piano-stool’ complexes for other ruthenium catalysts containing the indenylidene fragment was further tested in later studies (Scheme 15) [51,52]. It was shown that complex M1/IndII/M20 followed an analogous decomposition pathway as previously observed for GI, while M11 gave, very similar to 13, a η5-ylidenyl complex 14 in the form of a mixture of rotamers. The ‘piano-stool’ geometry was preserved, with phosphines in the cis-orientation but it seemed that bulky Phoban-type ligands preferred the smaller hydride over the chloride. This finding appears to be confirmed by obtaining corresponding hydride [Ru(H)(η5-3-phenyl-indenyl)(PPh3)2] by prolong reaction time of 13. The final conclusion of the study is that depending on the alkylidene moiety and the phosphine ligand, different decomposition processes can occur for similar catalysts.



Extension of the initial stability research to basic solution of secondary alcohols by Nolan resulted in a corresponding dihydrogen hydride 15 for M1 and IndII catalyst [52]. The same dihydrogen decomposition product gave methylidene derivatives [RuCl2(=CH2)(PCy3)2], as well as 1st and 2nd generation metathesis precatalyst (Scheme 14), in contrary to earlier reports by Mol [38]. The fact that the characteristic decomposition product of hydrogenolysis, complex 15, is formed in an alcohol-driven decomposition reaction and the possibility of its transformation into a hydridocarbonyl species using methanol [53] implied similarities of both processes [52]. The computational modelling of the entire decomposition pathways for M1 (PCy3) and M11 (iBu-Phoban) confirmed that hydrogen transfer from the alkoxide to the indenylidene ligand TS has the highest energy barrier. It was also found that for smaller phosphines, such as PPh3, the η5-chloro complex was more stable than the starting ruthenium carbene catalyst, while for complexes containing the PCy3 or Phoban groups the formation of the intermediate G was unfavored by around 5–11 kcal/mol. Further part of the DFT calculation suggested the favorable formation of hydride 14 (intermediate F) for M11 (Scheme 16). These results were consistent with the experimentally observed formation of 14 instead of chloride complex 13 for the catalyst bearing a Phoban ligand.



In 2016, Rouen et al. also noticed the formation of a bisphosphine hydride complexes from an unsymmetrical 2nd generation idenylidene catalysts in the presence of an alcohol [54], similar to the previous works of Cavallo and others [52]. The authors explained the formation of the complex [RuCl(H)(CO)(PCy3)2] by the protonolysis of the NHC ligand in compound 17, the formation of which in the reaction was not observed but only inferred on the basis of the identical reaction of the M1 catalyst (see Scheme 14). DFT calculations of the substitution of N-heterocyclic carbene by an ethanol molecule indicated that for a less crowded, unsymmetrical ligand, the energy barrier of the crucial transition state was 3.9 kcal/mol lower than for the standard SIMes carbene (Scheme 17).




2.3. Phenols


Phenols are a distinct class of compounds from alcohols due to their different chemical properties. In the case of ruthenium metathesis catalysts they mode of action is, however, similar to alcohols and based on Lewis acidity. In 2005 Forman et al. reported suppression of metathesis carbene catalyst by the addition of phenol [55]. An unexpected beneficial effect of enhanced activity and lifetime of active catalyst form was observed for the GI catalyst in the self-metathesis of 1-octene. A similar effect was observed, though to a lesser extent, for very acidic alcohols such as trifluoroethanol, perfluoro-tert-butyl alcohol or hexafluoro-2-propanol. Grubbs 2nd generation catalysts showed lower activity in the self-metathesis reaction but a significant improvement in the cross-metathesis with methyl acrylate in the presence of phenols. The NMR kinetic studies revealed that the type of phenol used alters the phosphine dissociation rate and in high concentrations it may sequester it in the form of (PhOH)nPCy3. In general, the 1st generation catalyst with less acidic phenols exhibited excellent performance in metathesis, which resulted from impeding of the phosphine rebinding to ruthenium. Based on the experimental results and additional DFT calculations, a mechanism for metathesis in the presence of phenols was proposed (Scheme 18). Computational study pointed to 18a (−11.7 kcal/mol) as the more favored mode of coordination over 18b (−3.9 kcal/mol) and at the same time showed an increase in the stability of active catalyst with a growing number of coordinated phenols molecules (20 −26.3kcal/mol > 19a −16.6kcal/mol > 19b −8.0kcal/mol). The energy barriers for the dissociation of model PMe3 for both 1st and 2nd generation catalyst was higher when phenol was coordinated. Moreover, the carbene carbon atom was activated by enhancing its electrophilicity, as demonstrated by the charge distribution analysis. The proposed equilibrium between intermediates A and B promotes the latter one and prevents the decomposition of the 14-electron species A.




2.4. Water-Mediated Degradation


Ruthenium-based olefin metathesis catalysts are usually non-soluble in water and specific modifications to their structure need to be introduced to make them water-soluble. Even in such cases water, however, can degrade these complexes. Similarly to previously described alcohols, water can act as either Lewis acid or base, though in the reported decomposition studies it usually acts via OH- ions.



In 2000 Grubbs and co-workers observed the decomposition of the 1st generation ruthenium metathesis catalysts, while studying the polymerization reaction in protic solvents. The degradations was furthermore promoted by hydroxide ions [56]. As a result of the stoichiometric reaction of the ruthenium carbene complex with NaOD in D2O, a new product without the ylidene substituent was formed, which further decomposed to a mixture of unknown products. Unfortunately, the nature of this transformation and the exact structure of the decomposition product were unknown at that time. It was also suggested that the presence of acid additives prevents the catalyst decomposition by avoiding hydroxide ions formation in the reaction of phosphines with water.



The idea of conducting metathesis in protic solvents and water was later grasped by many groups and a number of reports can be found in the literature experimenting with this approach [57,58,59,60,61,62,63,64,65,66,67,68,69]. They main focus of these studied is on introducing various modifications to the catalyst structure to improve their solubilities, testing different co-solvents [70] and checking their effectiveness in model reactions. One of the more interesting findings in this area is the observation made by Raine that ethers used as co-solvents with water give the highest RCM metathesis yields. Authors suggested that ethers are more likely to coordinate to the active intermediates and thus protecting it from water and maintaining the catalyst in the solution [70].



Hirota and Matsuo used an interesting approach to the problem of ruthenium catalysts’ degradation in water [71]. They applied a strategy consisting of suppressing the loss of chlorine ligands and thus increasing the activity of the Hoveyda-Grubbs-type ruthenium catalysts in water. Their assumption was based on a widely accepted fact that the ligand exchange modifies ruthenium metathesis catalysts performance [72,73,74,75], as well as on earlier reports indicating that the ligand replacement could lead to the formation of an inactive product or precatalyst dimer [72,74,76,77,78]. UV-Vis spectroscopy investigation of HG stability in neutral aqueous solution without KCl showed the decrease of a characteristic metal-to-ligand charge transfer absorption band (ca. 373 nm) and the formation of a product which showed no activity in RCM. There were no intensity changes of the band in the presence of the salt even after 16h. Based on these results, a mechanism of chloride ligand effect was proposed (Scheme 19), in which the presence of the salt changes the equilibrium toward chloride-bound complex, while its absence facilitates the substitution of one chloride ligand with water or hydroxide ion, ultimately leading to the deactivation of the catalyst. The structure of the final Ru-species was not determined but authors speculated that the formation of a Cl-bridged dimer or oxo-bridged form was likely. Although the exchange reaction is not a decomposition reaction, the loss of the ligand may lead to less stable intermediates and introduce new degradation pathways.




2.5. Phosphines and General Routes to Metallacyclobutane Deprotonation


The risks associated with the use of the phosphine-containing catalysts for olefin metathesis are reviewed later. It is worth noting, however, that phosphine can be added to the Hoveyda-Grubbs catalyst as an external agent, what was reported by Bailey and Fogg [79]. They demonstrated that the phosphine is able to attack the olefin and form zwitterion A (Scheme 20), which can then undergo a number of side reactions which lead to catalyst degradation. It was observed that the main reaction is the attack on the acrylate molecule and the elimination of the B+Cl− salt, which occurs only in the presence of ruthenium species as a source of hydrogen and chloride anion. In addition, zwitterion A competes in this reaction with the proton source, as confirmed by the formation of A+. The authors suggest that the metallacyclobutane intermediate (MCB) is a likely target of phosphine attack, while the attack on the resting state intermediate is likely less preferred due to steric hindrances. These results confirm that the superiority of Hoveyda-Grubbs-type catalysts, relative to GII, in the analogous metathesis reaction results from the lack of phosphine and not from the postulated boomerang effect [79,80].



Consecutive studies of Fogg et. al. on Broensted bases—induced degradation of metathesis catalysts verified the previous hypothesis of metallacyclobutane deprotonation [81]. Dimer 21 was isolated from reaction mixtures of GII and HGII with methyl acrylate (Scheme 21), together with salts A–C. Based on the experiments with deuterated olefins and deuterated mesityl rings it was suggested that the initial deprotonation site is the metallacyclobutane intermediate rather than the NHC ligand.



DFT calculation of acidity of protons in active intermediates MCB and methylidene species showed lower acidity of Hα compared to Hβ and, thus, excluded the deprotonation of the methylidene resting state as a competitive path. Moreover, estimated energy barriers of the further transformations after the deprotonation of MCB and the loss of chloride and allyl group to dimer 21 were low and the entire process was found to be effortless (Scheme 22). Thus, the MCB deprotonation turned out to be a general feature of Broensted bases and not only restricted to electron-deficient olefins.



In 2017 Fogg presented a method of overcoming the catalysts’ decomposition in demanding metathesis reactions with electron-deficient olefins [82]. In this new approach phenol-functionalized resins were used to quench the enolate, produced during metathesis reaction (Scheme 23). The cross metathesis of GII and IndII with acrylate at low catalyst loadings in toluene and at 70 °C indicated that the sacrificial proton source is the primary function of the resin, rather than the previously reported protonation of the phosphine [55]. Protonation of the enolate anion converts it into an unreactive phosphonium salt bound to resin, thus impeding the catalyst decomposition. Authors also suggested that in the case of the macrocyclization reaction phenol resin may remove polar impurities through hydrogen interactions. Replacing the resin with water as a source of the hydrogen leads to a further decomposition of the catalyst, most likely as a result of the formation of the hydroxide ion. The presence of the resin reduces also the harmful effects of water by competing with it in a reaction with the enolate.




2.6. Amines


Although well-defined metathesis catalysts are compatible with many functional groups, continuous reactions with nitrogen-containing olefins such as amines or heteroaromatic compounds remain a challenge [83]. There are two main modes of action of amines, which as both Lewis and Broensted bases may directly attack the ruthenium core of catalysts as well as abstract hydrogen atoms from the crucial metallacyclobutane intermediates.



During examination of the degradation products of ruthenium methylidene complexes, Grubbs et al. noticed the formation of a tripyridine complex in the presence of amine excess [84] (Scheme 24), while the benzylidene catalyst gave a stable bispyridine adduct in previous studies [8]. Interestingly, the 3rd generation Grubbs catalyst GIII were also susceptible to the degradation and a tripyridine complex in reaction with ethylene was obtained.



In 2009 Moore and co-workers presented a study on the stability of 1st and 2nd generation Grubbs carbenes with respect to primary amines [85,86]. The influence of both n-butylamine [85] and DETA (diethylenetriamine) [86] on the catalysts were tested in ring-opening metathesis polymerization of dicyclopentadiene and monitored by means of the differential scanning calorimetry (DSC) and NMR techniques. For the 1st generation catalysts the decomposition together with the detection of a free PCy3 and other phosphine-containing products was observed within 10 min. At the same time, the 2nd generation NHC-containing catalysts (Scheme 25) formed a new carbene species accompanied by phosphine dissociation. Based on these results it was suggested that the replacement of the PCy3 by a primary amine is the first step in the bimolecular coupling degradation. It was also concluded that the greater steric hindrance of the NHC ligand and its lower propensity to exchange with amine prevents the decomposition of the 2nd generation catalysts. As an indirect evidence for the proposed degradation pathway, new ruthenium complexes were synthesized with an excess of amine. Stable complexes 22 and 23 were obtained but the structure of the second one has not been unequivocally confirmed. However, the early decomposition of catalyst 23 in the presence of n-butyloamine and diethyl diallylmalonate indicated that the methylidene intermediate is less stable compared to its benzylidene analogue.



A complementary study by Fogg’s group devoted to the decomposition of metathesis catalysts was reported in 2014. The authors of this investigation showed the impact of different amines on GII and its key intermediates formed in the catalytic cycle, that is, the methylidene resting state (GIIm) and the metallacyclobutane MCB (Scheme 26) [87]. First, GII was reacted with various amines and the resulting products were examined by means of NMR. In accordance with the earlier work of Moore [85], it was found that the less sterically hindered n-buthylamine (a) yielded the N-benzyl-N-buthylamine and bisamine complex, which further decomposed via a nucleophilic attack of another amine molecule on the benzylidene carbon atom. More bulky amines, such as pyrrolidine (b), morpholine (c) and DBU (diazabicycloundecene) (d) reacted slower and formed stable mono-amine adducts at room temperature (Scheme 26).



Next, the authors investigated the sensitivity of the methylidene species to the presence of primary amines (Scheme 26). In all of these cases, reactions proceeded faster than for GII, even when using 1.1 equivalent of amine. Estimated half-lives of the resting states (a (12 min) > b (1.5 h) > c (14 h) > d (>24 h)) showed that the steric hindrance of amine is the crucial factor, as well as that DBU (d) induced virtually no decomposition. Interestingly the phosphonium chloride MePCy3+Cl−, found as one of the byproducts, indicated a degradation path through a nucleophilic attack of the PCy3 on the methylidene released by the ligand exchange with amine and not from the attack of amine itself. This was further confirmed in studies of the 13C-labeled methylidene resting state with n-butyloamine, as well as the predominance of a phosphine attack over an amine attack revealed by the 7:3 ratio of resulting products, MePCy3+Cl− and CH3NHnBu, respectively [88].



The influence of amines on the RCM reaction were also tested (Scheme 27) and the results showed an accelerated catalyst degradation compared to the control reaction. The presence of a phosphonium salt in reactions with amines a–c indicated, that the deactivation occurs through the decomposition of the resting state. In the presence of DBU an instant decomposition was observed with no trace of salt but only free PCy3. Thus, the deprotonation of the metallacyclobutane MCB by this highly basic amine was suggested as the true mechanism of decomposition. It was also concluded that the high basicity of amines together with the bulkiness of the ylidene moiety are the critical parameters in this phenomenon. These results were also in agreement with the observed ligand exchange and amine-adducts formation for secondary amines and GII [84,87] and the precatalyst degradation by unhindered primary amines.



The same group carried out the reaction of the benzylidene and methylidene derivatives of Grubbs catalyst with pyridine (py). While reacting this nitrogen-containing heterocyclic base with resting states of 1st generation catalysts, a rapid disappearance of the ylidene functionality was noticed together with simultaneous formation of a new adduct bearing three pyridine molecules 24 (Scheme 28). Both the 1st and 2nd generation precatalyst provided bis-pyridine carbene complexes, as reported previously [89,90], implying the absence of the phosphine attack on benzylidene. Adduct 24 completely decomposed within 18 h at 60 °C to free PCy3, MePCy3+Cl− and three other, unidentified compounds, which probably come from other co-existing decay paths. The authors were not able to connect any of these products with the CH2 = PCy3 ylide, as proposed in the prior work of Grubbs [84]. Instead, they associated the production of MePCy3+Cl− with an intermolecular proton abstraction. Catalyst GI, under metathesis condition of diethyl diallylmalonate RCM, gave ca. 80% of 24, showing that the main attack was at the resting state and not at the metallacyclobutane. The principal conclusion of this work is that any donor able to replace the phosphine ligand and stabilize the methylidene species may cause the deactivation of the catalyst using the same route.



Similar results were obtained by Fogg’s group for Hoveyda-Grubbs catalyst treated with the excess of different nitrogen bases in the presence or absence of the olefin [91]. Non-bulky primary amines f,g formed mono- and bisaminobenzylidene complexes with HGII, which further decomposed to 25/25′ and NH2CH2Ar amine (Scheme 29). The n-butylamine derivative 25 was also isolated, starting from either the HGII or GII catalysts. On the other hand the sterically crowded sec-butylamine gave only the single-substituted derivative, which was resistant to further degradation (Scheme 29). Reaction with secondary amines, pyridine or DBU (a–d) led to stable complexes containing one amine molecule coordinated to ruthenium (two in the case of pyridine) for all cases, apart from Et3N, for which no reaction was observed. The dependence the on spatial hindrance (NH2nBu >> NH2CH2Ph) corresponds to the proposed loss of the benzylidene ligand as a result of a nucleophilic attack through concerted pathways presented in Scheme 30.



The addition of amines to styrene self-metathesis reaction resulted in the decrease of yield with the increase of Broensted basicity of the amines. The detailed decomposition pathways were studied for pyrrolidine, DBU and NEt3, which were found to be the most detrimental bases for this process. The major organic product observed during the decomposition was (E)-PhCH = CHCH2Ph, with the additional presence of (E)-PhCH = CHCH3 when NEt3 were used. To explain these observations, the authors proposed a deactivation mechanism involving the deprotonation of a sterically accessible metallacyclobutane intermediate (Scheme 31), to generate an anionic ruthenium complex 26 and then, through the subsequent protonation and elimination, the release of (E)-PhCH = CHCH2Ph. Traces of the trans-propenylbenzene suggests that, in the case of the less basic NEt3, the deprotonation of the monosubstituted metallacyclobutane occurred.



In another work devoted to metathesis catalysts’ decomposition, Fogg’s group confirmed an earlier assumption that the presence of Lewis donor accelerates the loss of methylidene from phosphine stabilized complexes [92]. The previously proposed mechanism of the nucleophilic attack of the free phosphine on the methylidene moiety, resulting in the loss of this functionality with phosphonium salt [CH3PR3]Cl release (Scheme 28), was also shown to operate for weaker Lewis donors, such as THF, H2O, MeOH, MeCN, DMSO, as well as a series of 2nd generation Grubbs catalyst, including benzylidene and indenylidene derivatives (Scheme 32). The lack of a significant effect on the catalyst degradation of such donors as NH3, urea or phosphoramide was consistent with the previously observed lack of degradation of the GII catalyst by DBU [87] and indicates that Lewis basicity is irrelevant, if steric hindrance prevents the approach to the metal center. Moreover, the formation of a hitherto undetected σ-alkyl intermediate 27 was confirmed in labelled NMR experiments with complex bearing and IMes ligand and pyridine at 50 °C. The unsuccessful attempts to detect this complex using SIMes adducts were explained by a short life of the resulting species and by effortless C–H activation of the methyl group in the ortho position of the mesityl substituent. Thus, elimination by proton abstraction from the NHC was promoted as a consequence of π-backbonding onto SIMes ligand, which was reflected in an inhibited rotation (Scheme 33) [93].



Based on the rate at which the decomposition occurs and on the influence of donors bulkiness and stoichiometry authors assumed that the observed degradation proceeds is an associative process. The established reaction rate for DMSO showed a first-order dependence on its concentration for both tested complexes, GII and the 1st generation methylidene complex GIm. Additional deuterium-labelling studies confirmed that the rate-determining step here is the ligand binding for the methylidene complex GIIm and the C-H activation for the unsaturated GIIm_IMes (Scheme 32). It was also demonstrated that ethylidene ligand introduced to GII in the reaction with 2-butene prevents the donor-induced ylidene abstraction, as evidenced by the lack of the [EtPCy3]Cl production.




2.7. N-Heterocyclic Carbenes


While N-heterocyclic carbenes are often used as auxiliary ligands in ruthenium metathesis catalysts, they can also act as a Lewis bases and accelerate the decomposition of such complexes when added to the reaction mixture. Recently Fogg’s group showed that small NHC ligand in ruthenium catalyst may expedite its decomposition [94]. During the attempts to synthesize the methylidene complex with the truncated IMe4 ligand from the 1st generation complex GIm, a stable four-coordinated Ru(Cl)2(IMe)4 complex 28 was observed, instead of the expected ligand exchange product (Scheme 34). This species was additionally accompanied by a free PCy3 and ethylimidazolium salt A. The reaction completed rapidly in less than 5 min at −80 °C. The formation of product A was confirmed independently by NMR experiments with labeled methylidene GIm and synthesis. Further DFT calculations indicated that complex 28 was formed by the nucleophilic IMe4 ligand attack on the methylidene carben carbon, rather than the phosphine exchange, for which the estimated energy barrier is 5–6 kcal/mol higher. In the suggested mechanism (Scheme 34) it was noted that the resulted adduct [Ru-CH2IMe4] preferred the elimination reaction which leads to N-heterocyclic olefin (NHO) over the protonolysis and the release of [CH3IMe4]Cl. Calculations provided also the evidence that the NHO may be involved in further catalyst degradation as a potential nucleophile (Scheme 34b). Complex 29, produced in this reaction and bearing highly basic CH2CH2IMe4 ligand undergoes the protonolysis to give salt A, likely proceeded by PCy3/IMe4 exchange. Additionally, analogous reaction of IMe4 with the methylidene complex of 2nd generation carbene GIIm resulted in adduct 28 instead of the expected RuCl2(SIMes)(IMe4)n product, in contrast to standard, larger NHC. The estimated energetic cost of the attack of SIMes on the methylidene was found to be higher than for a small ligand such as IMe4 and introduces significant geometric strain, therefore no such decomposition was observed for SIMes.




2.8. Acrylonitrile


The next external agent which was found to cause ruthenium catalysts decomposition, is acrylonitrile. It is an interesting example since it is a very weak base, that is not able to abstract hydrogen atoms and can rarely form stable adducts after attack on the ruthenium core. Nevertheless it was found that at elevated temperature such adducts can be formed. In 2011 Zhao, Wang and Guo presented electrospray ionization tandem mass spectrometry (ESI-MS/MS) study with off-line and on-line detection of the degradation of the 1st generation ruthenium complexes under the influence of acrylonitrile [95]. In the first, control experiment with GI in CH2Cl2 they observed the formation of a phosphine product (PhCH2PCy3)+, which was consistent with previous work of Grubbs [96]. Shortly after the addition of acrylonitrile, signals form (HPCy3)+ ion and the relative abundance increase of (PhCH2PCy3)+ were observed (Scheme 35). Within 15 min catalyst decomposed entirely and a new signal of ruthenium decomposition products 30a–d and 33a–d arose. Complexes 30c and 30d were identified as [RuCl(CH3CN)4PCy3]+ and [RuCl(CH3CN)3(PCy3)2]+ based on their isotopic patterns. Accordingly, structures 30a and 30b in equilibrium with 30c–d were established as [RuCl(CH3CN)2PCy3]+ and [RuCl(CH3CN)3PCy3]+. Ru-species 33a–b were suggested to appear from the C-H activation but this assumption was ambiguously proved. It was further postulated that a higher concentration of acrylonitrile promoted a faster loss of chloride and phosphine ligands, as evidenced by the formation of compound 31d. Moreover, the presence of 31a–d was detected only in the early stage of the catalyst decomposition, indicating that these were transient intermediates. These results allowed to propose the predominant mechanism of degradation promoted by acrylonitrile presented on Scheme 35 path A, which was consistent with the slow degradation in CH2Cl2 observed earlier [97]. A second possible decomposition pathway (path B in Scheme 35) was associated with the formation of compound 32a through the loss of toluene from 31a and its appropriate CH3CN adducts 32b–c. The authors assumed that the C-H activation was the result of an agostic interaction between the Ru atom and one of the cyclohexyl ring, which was made possible due to a greater steric freedom of the resulting species after the loss of phosphine and chloride.



Comprehensible, real-time monitoring droplet spray ionization tandem mass spectrometry (DSI-MS) studies on the behavior of the 2nd generation catalysts in the presence of acrylonitrile were conducted by Jin in 2017 [98]. The obtained results were very similar to those for the 1st generation catalysts. The decomposition pathway proposed by authors starts with a heterolytic bond cleavage and a loss of chlorine (34) and then the dissociation of the phosphine forming complex 35. At this point, two degradation pathways are possible (Scheme 36). Path A includes Ph-CH = H2IMes ion loss with simultaneous attachment of acrylonitrile molecules and SIMes carbene to give 37. Then, a series of capture and release of CH3CN molecules followed finally by a PCy3 rebinding leads to the formation of a very stable hexacoordinated complex 38. It is worth noting that the detachment of one acrylonitrile molecule from 37 results in the formation of compound 39, which was not considered for the earlier generation of ruthenium carbenes. In the second route (Scheme 36) a series of subsequent coordination of acrylonitrile molecules combined with phosphine association leads to compound 36, which can also be formed directly from complex 34.



The latest theoretical studies on the stability of Hoveyda-Grubbs-type catalyst under the influence of acrylonitrile were presented by Trzaskowski’s group [99]. In this work the reaction of acrylonitrile self-metathesis as well as possible decomposition routes with standard Hoveyda-Grubbs catalyst and two CAAC derivatives were investigated. Three ways of degradation were considered—through β-elimination of metallacyclobutane using van Rensburg mechanism (olefin-driven), via Buchner ring expansion leading to cycloheptatriene and through the direct attack of the nitrile molecule. Since it was concluded that the most likely mechanism is via the Buchner ring expansion and depends on the structure of the catalyst, it is reviewed in the next part of this study.




2.9. CO and O2


There are two more compounds known to cause ruthenium metathesis catalysts’ decomposition. One is CO, a potent Lewis acid, commonly found in various transition metal complexes. Similarly to acrylonitrile, however, CO act as a complexing agent which enables deactivation and decomposition of ruthenium NHC complexes via Buchner-type expansion. The second species is O2 known to promote the C–H activation also mostly in the NHC-containing complexes. Due to this features, investigations on the CO-driven and O2-dependent decomposition are reviewed in the next section.



In 2003, Trnka and Grubbs observed the effect of traces of oxygen on the synthesis of the GII catalyst (Scheme 37) and they were able to isolate this compound from the reaction mixture, which was formed as a result of the C–H activation of ortho methyl group in mesityl substituent [100]. Dinger and Mol conducted similar experiment as previously with primary alcohols using water but it did not bring the expected results, since no ruthenium hydride was formed. Instead the tricyclohexylphosphane oxide was obtained together with a one-phosphorus compound that was neither hydride nor carbene and which structure was not determined [38]. They also carried out the reaction of GI with oxygen looking for a source of oxygen to form ruthenium carbonyl 5. The maximum yield in solution was around 15% for 5 (Scheme 37), while the same reaction performed overnight with a solid sample at 40 bar of O2 at 60 °C gave 75% of the desired product. Second generation Grubbs catalysts behaved in a similar manner, although they reacted more slowly (3 days, at 50 bar O2, 60 °C) and with less efficiency (29% of phenyl Ru-complex) (Scheme 37) [39]. It was suggested that the final Ru species is formed by the oxygen attack at the benzylidene group.



The decomposition of Hoveyda-type complexes under air, reported by Blechert, is mentioned later in this review in the C-H activation section. Later, Cazin’s Group studied the effect of air on the catalytic performance of commercially available ruthenium catalysts by systematically changing the reaction conditions [101]. The RCM reaction for N-tosyldiallylamine was conducted in non-degassed solvents, low catalyst loading in air and its components (N2, CO2, O2, H2O and dry air). It was shown that for all tested catalysts, the influence of oxygen and, in second place, carbon dioxide, were less harmful than expected. The most deleterious effect was assigned to water and this results was additionally confirmed by the decrease of the reaction conversion. Moreover, these results were in agreement with relatively high amounts of catalyst which need to be used in metathesis in aqueous media [67].



Recently, Ton and Fogg reported investigations on the impact of oxygen on various ruthenium catalysts, including those bearing CAACs [102]. In all cases, the decrease in ring closing metathesis productivity was observed under 8% of oxygen in Ar. A comparison with a simultaneously conducted reaction under nitrogen showed that CAAC-bearing catalysts were the most O2-resistant and gave the highest metathesis yields. Based on the inhibition of degradation by PCy3 addition authors suggested that the products of oxidative degradation operate through a four-coordinated ruthenium complex both in their experiments as well as in those described by Mol [39] and Trnka and Grubbs [100]. As such, three different transformation paths were proposed (Scheme 38)—(a) a benzylidene attack by O2, (b) a [2+2] cycloaddition of O2—proposed by analogy to molybdenum Schrock-catalysts [103] and (c) a bimolecular degradation with stilbene release.



The experimental analysis of the products led to the conclusion that the degradation through cycloaddition is the dominant reaction but with also some carbon attack on the alkylidene substituent. In addition, under the conditions of the experiment, oxygen also acts as the PCy3 scavenger, facilitating degradation via bimolecular coupling. In view of these results, the remarkable oxygen tolerance of CAAC ligand catalysts is unexpected and its origin is under further investigation.




2.10. CO


There is one more compounds known to cause ruthenium metathesis catalysts’ decomposition, namely CO, a potent Lewis acid, commonly found in various transition metal complexes. Similarly to acrylonitrile, however, CO act as a complexing agent which enables deactivation and decomposition of ruthenium NHC complexes exclusively via the Buchner-type expansion. Due to this feature, investigations on the CO-driven decomposition are reviewed in the next section.





3. Decomposition Routes Depending on the Ligands of Catalysts


Most ruthenium-based metathesis catalysts are synthesized in the form of precatalysts which require initiation and dissociation of one of the Ru-P/O/N bonds. For phosphine-containing complexes it results in the liberation of the phosphine, which can act as decomposing agent. Replacing phosphines by NHCs solves this problem but also causes a different one, since many NHCs can readily undergo either C–H activation or Buchner-type expansion of the aromatic ring. Here we will review the studied related to these subjects.



3.1. Phosphine-Driven Decomposition


Almost as soon as the first ruthenium metathesis catalysts were synthesized, the first degradation studies of these systems were reported. In 1999 Ulman and Grubbs reported the thermolysis of the 1st generation metathesis catalysts [97]. Based on the NMR measurements, half-lives of selected complexes were estimated at 55 °C in C6D6. The decomposition product or products in this reaction were not determined due to a large number of phosphines signals arising during the course of the decomposition process (Scheme 39). Authors of this work concluded that in most cases the methylidene complexes undergo a unimolecular degradation, while alkylidene complexes a bimolecular one.



The exception to the proposed rule was observed by Forman and co-workers [104]. Thermal decomposition of deuterated complex of (PhobCy)2Cl2Ru = CD2 in benzene at 50 °C was monitored by means of the 2H NMR. Signal analysis allowed to identify the deuterated ethylene (CD2 = CD2), indicating a bimolecular decomposition pathway. Authors suggest that the phosphabicyclononane ligand was responsible for changes in the relative rates of competing degradation routs observed for other bis-phosphine catalysts.



At around the same time Nolan et al. found that ruthenium complexes bearing NHC ligands exhibit higher thermal stability compared to their bis-phosphine analogs [5,105]. Toluene solution of the 1st generation Grubbs benzylidene and vinylmethylene complexes showed 75% and 90% decomposition rates, respectively, upon heating for 1 h at 100 °C, while their IMes derivatives remained intact. The higher stability of the IMes-containing complexes was attributed to an enhanced steric protection of the active 14-electron intermediates formed after the phosphine dissociation by NHC ligand.



Also during that time Grubbs and co-workers synthesized various ruthenium electron-rich carbene complexes [Ru = CHER], where ER = OR, NR, SR and characterized their thermal decomposition product as carbonyl hydride species (Scheme 40 [106,107]. The spectroscopic analysis (IR, NMR, GC/MS) of 13C-labelled and deuterated Ru(TFA)2(PPh3)2 = CHOCH2Ph complexes found signals from the carbonyl ligand and showed the formation of toluene and benzyl trifluoroacetate byproducts and, thus, supported the proposed decomposition mechanism shown on Scheme 41 [106]. In this mechanism, the phosphine dissociation and the β-alkyl elimination leads to formyl intermediates 40, which after the removal of benzyl trifluoroacetate TFACH2Ph transform into ruthenium(II) complex. Further rearrangements in this complex may result in the carbonyl species 41. Another path, with the reductive elimination of toluene from intermediate 40 to yield carbonyl adduct 42, was also proposed. Prolonged heating of the bis-phosphine ethoxy carbene complex RuCl2(PCy3)2 = CHOEt in benzene allowed Grubbs et al. to isolate a ruthenium hydride 1 in 69% yield, further characterized by means of X-ray [107]. The obtained hydride complex 1 was a subject of the previously proposed mechanism, which confirmed its validity. The remaining Fischer carbenes gave numerous signals in the NMR spectrum from the resulting degradation products, suggesting several competing degradation pathways. Based on the established half-lives, the thermal stability of the derivatives was found to be in the order of E = N > C > S > O.



Early thermal stability studies of the 2nd generation ruthenium catalyst were reported by Hong and Grubbs [96]. The methylidene complex GIIm was heated at 55 °C in benzene and after 72 h the diruthenium compound 43 were isolated in 46% yield, together with CH3PCy3+Cl−. Complex 43 is an interesting species that can be characterized by the loss of the alkylidene functionality and the presence of the hydride ligand on one ruthenium atom as well as a η6-interaction of the second ruthenium center to one of the mesitylene moieties (Scheme 42). The authors of this study proposed a multi-step degradation pathway based on chemistry established for other ruthenium carbene complexes [108] and formation of the CH3PCy3+Cl- salt. In this pathway, a phosphine attack on the methylidene complex was suggested as the first step, which than releases the CH2 = PCy3 ylide and the 12-electron species 44. Further, it was suggested that intermediate 44 may bind one of the mesityl substituent of methylidene complex leading to a dimer with two chloride bridges, followed by HCl abstraction through ylide, forming CH3PCy3+Cl− and an alkylidyne adduct. Transformation of the latter system into the final complex 43 was elucidated by the migration of chloride ligands and an oxidative addition of alkylidyne. The formation of proposed intermediates was, however, speculative since they have not been observed experimentally. Considering the time scale of the degradation process (which usually take days) and metathesis reaction (which is usually finished in hours), it can probably be assumed that it has no significant impact on the course of the metathesis reaction. However, as later work showed, the proposed nucleophilic attack on the methylidene is the primary vector of the active methylidene species degradation [88,109].



In continuation of these works Grubbs et al. screened thermal stabilities of a series of methylidene complexes (Scheme 42 and Scheme 43) [84]. The results confirmed that phosphine catalysts are subject to a first-order degradation rate, which is not affected by the excess of phosphine. Moreover, based on half-lives of NHC-catalysts authors leaned more towards a mechanism involving the dissociation followed by the phosphine attack, rather than a mechanism involving an internal attack of the phosphine on the methylidene species (Scheme 42).



In the same work authors investigated also the degradation of an active methylidene species under metathesis reaction with ethylene in toluene. Different behavior was observed for PPh3-containing derivatives with respect to the PCy3-containing ones. Two major products were characterized as methyltriphenylphosphonium chloride CH3PCy3+Cl− and diruthenium complex 45, which structure was confirmed by the X-ray analysis. The proposed mechanism of this reaction is presented on Scheme 44. It is interesting to note that the same reaction carried out in CD2Cl2 allowed to identify the formation of complex 46, whose existence was suggested by the authors in an earlier work [96]. Interestingly, in the presence of ethylene at −40 °C this intermediate can revert to an active methylidene to give the metallocycobutane. Additionally, the decomposition of a phosphine-free Hoveyda-Grubbs catalyst with ethylene in C6D6 at 55 °C resulted in an unidentified hydride species.



Inspired by the aforementioned work, Metzger and Wang conducted a spectroscopic analysis, using electrospray ionization mass spectrometry (ESI-MS), of bis-phosphine olefin catalyst systems GI and GIv in RCM reaction with olefins, presented on Scheme 45 [110]. Although the authors failed to identify any degradation products containing ruthenium, they were able to determine both cis and trans stilbene in CH2Cl2 solution of catalyst GI, indicating a bimolecular degradation with organic dimer formation. For all investigated complexes the methylphosphonium cation CH3P+Cy3 (at m/z 295) as well as the benzylidenetrialkylphosphine (at m/z 374), which represents products of phosphine-driven degradation, were detected.




3.2. C-H Activation


Metal-promoted C-H bond activation is a very active research area and holds great potential in organic chemistry [111,112,113,114,115]. The C–H activation of complexes bearing unsubstituted ortho positions in the N-alkyl and N-aryl groups result in decomposition, which can occur even in mild conditions and is often reversible, therefore difficult to detect. It is also accompanied by the formation of transient metal hydrides affecting the catalytic activity of the catalyst.



Grubbs et al. first reported the insertion of ruthenium into one of the NHC methyl C–H bond of the second generation Grubbs catalyst [100]. This C-H oxidative addition and loss of the alkylidene ligand was promoted by air, forming a catalyst in which the C–H bond activation of the mesityl ortho-methyl group occurred (Scheme 46). The decomposition product was air-stable in solution and solid state. All bonds linked to the ruthenium in the new 16-electron complex became shorter but the mechanism, at that time, was still unknown.



Whittlesey’s group treated the mono-carbene species Ru(IMes)(PPh3)2(CO)H2 with trimethylvinylsilane at room temperature, also observing the intramolecular C–H activation of an ortho-methyl group in the NHC ligand, reversible on the use of hydrogen [116]. The same group observed the activation of ruthenium chelating P-P and P-As complexes 47 and 48, which share many structural features with metathesis catalysts, induced by trimethylvinylsilane, which yielded complex 49 with Me3SiEt at 100 °C as well as a mixture of three regioisomers 50a–c at 85 °C, respectively (Scheme 47a) [117]. Heating under hydrogen reformed the dihydride precursors. Their later theoretical studies showed that the C–H activation occurred through a Ru(0) intermediate formed by the olefin, which acts as hydrogen acceptor [118]. The precatalyst reformed on addition of the hydrogen is useful in catalytic transfer hydrogenation involving alcohols [119,120,121]. The C–H activation of 51 took place through the thermal reductive elimination, forming reactive Ru(0) intermediates (Scheme 47b). This process may occur at the six-coordinate complex to give a four-coordinate complex 52 or at the five-coordinate transition state 53, to give the 3-coordinate complex 54. The latter can also be obtained by the loss of phosphine from 52. When any of the 52 or 54 systems are formed, they undergo a rapid C–H activation. It was also proven that the solvation by benzene does not have any impact in stabilizing species 52, 53 or 54. Similar complexes were also studied theoretically by the groups of Houk and Trzaskowski using computational methods to further elucidate the details of the reaction/decomposition mechanisms [122,123].



This research topic was continued by Morris et al., who observed the cyclometalation of an ortho-methyl group when reacting RuHCl(PPh3)3 with SIMes, IMes or imidazolium salt precursors (Scheme 48) [124]. The reaction of 55 with CO at 20 °C yielded a complex with an attached CO group, whereas at 68 °C the Ru(0) complex saturated with three CO groups and a reformed IMes ligand was obtained. Protonation of the cyclometalated IMes ligand by phenol, apart from associating a ɳ5-bonded phenoxide group, also caused the reformation of the IMes ligand. Reaction of RuHCl(PPh3)3 with ItBu and later with hydrogen produced a mixture of two isomers 56a and 56b of the dihydride Ru(H)2(ItBu)(PPh3)2, both with activated C-H bonds. This study proved that IMes and PPh3 ligands do not bind to 55.



A year later, Whittlesey described trimethylvineylsilane-promoted activation of the alkyl NCH2CH2-H activation of 57 (Scheme 49) [125]. A metalated, 5-membered ring of the IEt2Me2 ligand was formed with a Ru–C–C angle similar to that of an unstrained sp3-hybridized methylene group (58). Since complexes in Morris’ work were more electron-rich, the key role in permitting the C–H activation in complexes 57 and 58 was assigned to the CO ligand. Reaction with hydrogen or benzene/alcohol solutions in room temperature caused precipitation of 59 but complex 57 was reformed in alcohol with an increasing rate in MeOH< EtOH < iPrOH.



Grubbs also reported decomposition via the C–H activation of the second generation Grubbs catalyst leading to complex 45 [84]. The decomposition occurred after 5 days in toluene at 23 °C and was initiated by the dissociation of the phosphine. The presence of ethylene facilitated its subsequent attack on the methylidene of GIIm (Scheme 44) [100,119]. The formed complex 44 in the presence of two Ph3P = CH2 molecules underwent C–H activation, producing the dinuclear catalyst 45 and methyl-trihenylphosphonium chloride.



The same group reported the double C-H bond activation of a phenyl-substituted NHC in 2nd generation Grubbs catalyst 60 [126]. In complex 61 one can observe an inserted benzylidene carbon atom into the ortho C–H bond of the N-phenyl ring, as well as a ɳ6 binding of ruthenium to the benzylidene phenyl group and the loss of phosphine (Scheme 50). Catalysts with NHC ligands containing phenyl instead of mesityl groups were more prone to the C–H activation, as further insertion of ruthenium into another phenyl group and the formation of a five-membered metallacycle produced complex 62. It was suggested that the flexibility of the N-phenyl groups play the key role in the initiation and propagation of this reaction [127]. Heating of complex 60 in benzene at 60 °C under inert conditions led to product 61 after three days (58% yield) with traces of 62. Faster decomposition of this complex occurred in DCM, however, after 12 h at 40 °C the main product was 62 (38% yield) with 61 in 24% yield. After a week in 40 °C 61 turned into 62, while after adding phosphine it turned into 62 at room temperature only in three days.



Grubbs suggested a mechanism for decomposition of 60, different from the previous one due to no attack of the phosphine. In this mechanism, immediately after the loss of the phosphine (initiating the metathesis), the ortho C–H bond of the N-phenyl group adds to the ruthenium center forming a ruthenium hydride complex 63. In the next step, the hydride inserts at the benzylidene α-carbon atom giving complex 64 and a reductive elimination between the metalated N-phenyl carbon atom and benzylidene α-carbon atom generates 61. Lastly, a C-H insertion of the second N-phenyl ring and phosphine-mediated elimination of HCl yields 62. Intermediates 63-65 were not observed by spectroscopic methods, most probably due to their short lifetimes.



Suresh et al. further investigated this mechanism using theoretical methods and also highlighted the key role of the flexibility of N-phenyl groups in the initiation and propagation of this reaction [128]. Their work was extended later by Cavallo et al., who also theoretically studied the mechanism of this double C–H activation [129]. They presented a low energy pathway of formation of 62, displaying the importance of phosphine in the propagation of this step (Scheme 51). The first step starts from the elongation of the C–H bond in 14 electron complex 65, after dissociation of the phosphine, followed by the transfer of the agostic hydrogen to the benzylide α-carbon atom through a transition state (oxidative addition). The benzylidene group turns into a benzyl group and a new bond between ruthenium and the ortho carbon atom of the N-phenyl ring is formed. Complex 64 (suggested by Grubbs) is higher in energy than 65 and is stabilized by the double bond between ruthenium and the benzyl carbon atom. The benzyl α-hydrogen transfers to ruthenium through a transition state forming complex 63, which is unstable and prone to undergo a σ-bond insertion between the ruthenium and the N-phenyl ortho carbon atom forming ruthenium hydride 66, previously not postulated by Grubbs.



In the second part of the mechanism, the ruthenium hydride bond is broken by a reductive elimination, forming a complex stabilized by a strong interaction with the former benzylidene Cipso atom. Intermediates 61′-61′’’ were previously not postulated [128], probably due to the high stability of 61. Lastly, more stable complex 62 is formed via an interaction of one chloride atom with the other N-phenyl ortho hydrogen atom and the elimination of HCl. Experiments confirmed that complex 61 was only thermodynamically stable without a Lewis base, that is, phosphine, otherwise the equilibrium was shifted towards 62 [128]. During the C-H activation the N-phenyl rings maintain their aromaticity, being the key feature for this reaction. The benzylidene phenyl ring plays a role in stabilizing the various isomers of 61 by a strong electron donation to ruthenium center, which reduces its aromaticity but this is compensated by binding to the metal and elongating the C–C bond.



In another work devoted to the issue, Blechert et al. observed the decomposition of the Hoveyda-type complex after two weeks under air forming an intramolecular bond between the ortho position of the N-aryl ligand and the benzylidene carbon atom, the length of which was between that of a single and double bond [130]. This type of decomposition was also observed for another Hoveyda-Grubbs-type complex bearing an unsymmetrical NHC in DCM after a few hours under air, proving that presence of oxygen and less steric N-substituent allows the formation of a bond between the benzylidene carbon atom and β-position of the N-aryl ligand [131]. The postulated mechanism follows a sequence of a reversible pericyclic cyclization of A to form B, followed by an irreversible oxidation with oxygen to C. An elimination and re-aromatization finally causes the insertion, giving product D (Scheme 52).



The following year, McDonald et al. reported a thermal decomposition of phosphonium alkylidene catalysts in the presence of 1,1-dichloroethylene and B(C6F5)3, yielding a trichloro-bridged dimer (Scheme 53a) [132]. C-H activation of the mesityl ortho methyl group through the addition across the Ru = C phosphonium alkylidene bond was the rate-determining step of this process [116]. The ruthenium intermediate IV eliminates the methyl phosphonium to give the alkylidene complex V and after the cross metathesis with the trapping olefin, the dichlorocarbene and styrenic vinyl groups are formed in intermediate VI. Then, after the loss of chloride, the dimerization occurs and the ion exchange gives 67 and a methylphosphonium salt [H3CPR3][Cl]. Intermediates IV–VI were not directly observed, however the mechanism for the formation of V could be the one postulated previously by Blechert et al. [130]. After 1–2 days at room temperature, a mixed dimer 68 was observed after „self-trapping” of V by 69 (Scheme 53b). It was, however, noted that these catalysts exhibited higher initiation rates than the rate-limiting step in decomposition. In the same year, Piers et al. observed the same dimerization of this catalyst after two days at room temperature, where the C-H insertion occurred through the alkylidene moiety under air [133].



In the consecutive studies, Severin et al. observed that treatment of complex 70 with one equivalent of PCy3 in dioxane at 70 °C for 3 days yielded a chiral dinuclear, chloro-bridged product 71 in which a η2-bound cyclohexene group, attained from the phosphine ligand after partial hydrogenation, was coordinated to the ruthenium center (Scheme 54) [134]. Two diastereoisomers of 71 were obtained due to chirality of the dehydrogenated PCy2(C6H9) ligand with ruthenium acting as the stereogenic center. The formation of complex 71 through the intramolecular C-H activation of the cyclohexane group proved the existence of a very reactive intermediate [(cymene)Ru(μ-Cl)3RuCl(PCy3)], with one cymene ligand replaced by phosphine, which was possible to capture by addition of the dihydrogen.



Grubbs and Houk contributed to the topic by studying the decomposition of Z-selective metathesis catalysts with chelating ligands resulting from the carboxylate-driven C-H bond insertion [135]. According to their results, the C–H activation occurred in THF at room temperature between the N-adamantyl alkyl C–H bond and the carboxylate ligand bound to ruthenium, involving a four- or six-membered transition step (Scheme 55) [136]. A subsequent hydride elimination depends on many steric and electronic factors. Compared to the oxidative addition mechanism, this carboxylate-driven process allowed for isolation of active complexes without the formation of a ruthenium hydride [127]. Treatment of 72 with the excess carbon monoxide at −78 °C led to a 1,1-insertion of CO ligand into the Ru-C bond of the NHC ligand. In the next step the alkylidene moiety decomposed and an alkyl ruthenium complex saturated with CO ligands was finally formed with the N-adamantyl group bound to the former alkylidene carbon. Substitution by the π-acidic CO ligands decreased the stabilization of the alkylidene carbon via backbonding [137].



Such alkylidene insertion could be also possible for C–H activated catalysts in the absence of CO. It was proposed that similar ruthenium-alkyl complexes could undergo a hydride elimination when not saturated with CO ligands leading to inactive catalysts. Treatment of catalyst 73 with silver pivalate (tBuCOOAg) produced the η2-bound olefin complex 74, through the ligand exchange of chlorides for pivalates and the generation of silver chloride. The C–H activation occurred through the alkylidene insertion and the β-hydride elimination (Scheme 55b). This group also studied the decomposition of complex 75 through the alkylidene insertion and the α-hydride elimination, by treatment with tBuCOOAg, resulting in a bond formation between the benzylidene carbon and ortho carbon of the N-aryl ligand, keeping the alkylidene group (Scheme 55c). The mechanism of this reaction was not carboxylate-driven and the reaction occurred only in the presence of oxygen. The initial product was complex 76 which, by treatment with methylene chloride/pentane mixture, gave product 77 with replaced pivalates for chloride ligands [138,139]. The formed pivalic acid was a proof of the C–H activation followed by the catalyst decomposition.



Cavallo performed DFT studies on the first steps of the C–H activation, the formation of bond between the ruthenium and the N-phenyl ortho methyl group (Scheme 56) [140]. The second step of this mechanism was the formation of a benzyl group through an activated proton transfer. A variety of substituents in the NHC backbone did not have a strong effect on the decomposition pathway and, in many cases, the energy of the transition state 65–65′ decreased for the ortho isopropyl groups, while the methyl substituents had no effect. For the rate limiting transition state 65′–64, the NHC substituents in intermediate 65′ had a larger effect on the decomposition.



To study the influence of the ruthenium-ylidene bond, Ru-benzylidene, Ru-indenylidene, Ru-methylidene and trimethylphosphonium Ru-alkylidene bonds were compared in the same work. Transition states 65–65′ and 65′–64 were found to be more stable for the Ru-Ind system than the Ru-benzylidene one, suggesting that the catalysts with indenylidene group were more prone to this decomposition. For the Ru-alkylidene system, the second transition state was less stable, though, on the other hand, a very stable complex 64 was formed. Catalysts with methylidene and benzylidene group showed similar results, suggesting that they undergo a similar decomposition pathway.



Recently, Fogg et al. observed a rapid decomposition of complex GIIm through the C-H activation of mesityl ortho-methyl group, by the treatment with a 10-fold excess of pyridine [92]. The saturated NHC was found to be more prone to the activation due to a π-back-donation from the ruthenium to the NHC, slowing down the rotation around this bond [141,142,143,144]. The corresponding σ-alkyl intermediate 27 was in a conformation that favored the interaction between the σ-alkyl carbon and the mesityl group [134,137], while rotating about the C–N mesityl bond [145,146]. The rapid C-H activation suggested the presence of only starting methylidene complex GIIm and the decomposition product [MePCy3]Cl (Scheme 32). The C-H activation was slower for 27_IMes due to the rotation of IMes ligand (after 15 min). The treatment with a 3-fold excess of pyridine retarded the decomposition of GIIm_IMes, while the decomposition of 27_IMes was slower than its formation. In all cases the rate-determining step of the decomposition was either pyridine binding or C–H activation, indicating that the energetic barriers for both processes were very similar. The entire decomposition was completed within 75 min and small amounts of the free phosphine suggested an additional, unknown pathway.




3.3. Buchner-Type Expansion fo NHCs


Interaction between the electrophilic carbene and the aromatic ring of the NHC may lead to carbene insertion into the aromatic ring system, also known as the Buchner ring expansion. This reaction is usually found when isocyanides or carbon monoxide, widely used as ligands in transition metal complexes due to their σ-donor strength and weak π acidity, are complexed to Ru [141,147,148,149,150].



The group led by Diver was the first to propose a decomposition pathway for 2nd generation Grubbs II catalysts involving carbene insertion into the mesityl group of NHC ligand, promoted by carbon monoxide or isocyanides, also known as Buchner reaction [151,152]. The general mechanism consists here of two steps—first, the aromatic ring undergoes a cyclopropanation which, after rearrangement by 6π electrocyclization, forms a cycloheptatriene. Two years later, Grubbs reported the loss of CH2 = PPh3 in second generation catalyst decomposition [84]. The Diver group proved that in the first generation complexes the ylide transfers from the ruthenium to the phosphorus of the phosphine [153,154]. After treatment with CO, two molecules coordinate to ruthenium already bearing three chloride ligands and the whole complex is anionic with a phosphonium counterion. The addition of an aryl isocyanide p-ClC6H4NC to the 1st generation Grubbs complex also caused loss of benzylidne resulting in a complex with three isocyanides added to the ruthenium in a mer arrangement. The first isocyanide molecule coordinates to the metal in the trans position to the benzylidene (A, Scheme 57), which causes an intramolecular migration of phosphine by a 1,2-shift and produces intermediate B. The binding of the second isocyanide ligand forms the intermediate C, which after ylide elimination produces 78 and 79.



Later, the same group synthesized polar isocyanide 80 and used it to remove Ru from metathesis reaction mixtures [131]. The isocyanide-promoted carbene insertion in the 2nd generation Grubbs catalyst (Scheme 58) resulted in a rapid quenching of the carbene reactivity. In a reaction with p-chlorophenyl isocyanide 81, complex 82 was formed, in which two molecules of the isocyanide were added to the Ru center and the benzylidene formally inserted into one of the Mes groups, similar to earlier findings with CO [151]. The same insertion was triggered by the polar isocyanide 80, which conferred greater polarity to the hexacoordinate Ru complex, facilitating the loss of catalyst’s activity and its removal from the organic products of metathesis.



In consecutive studies, the Cavallo group performed DFT calculations for the Buchner ring expansion and highlighted the significance of the π-acid CO binding to the trans position to benzylidene ligand in catalyst’s decomposition [155]. The creation of a cyclopropanone-containing complex was confirmed by other groups [156,157,158,159,160,161,162]. The group ruled out the possibility of a free carbene release as a results of CO binding on the ground of the endothermicity of the reaction. In the proposed mechanism first, the CO molecule coordinates to the trans position to the ylidene bond which elongates and pushes the phosphine almost opposite to the NHC ligand (Scheme 59). The Ru-NHC and Ru-P bonds also elongate, while the NHC-Ru = CH2 angle is reduced, causing the reactive methylidene ligand to get closer to the aromatic NHC ring. The cyclopropanation occurs in two steps—an attack of the methylidene group on the Cipso atom forming a more stable 83, still containing a Ru-CH2 bond and then the breaking of this bond with an attack of the methylidene carbon on one of the ortho carbon atoms of the mesityl ring. Intermediate 84, with a vacant trans position to CO is formed and the coordination of a second CO molecule is energetically comparable to the first binding, leading to the intermediate 85. The opening of the cyclopropane ring gives the final product 86. Noteworthy, with only one CO molecule attached to Ru, the system must overcome a larger barrier, collapsing to intermediate 87 and, after binding of second CO, the final product 86 is formed. Due to a relatively small energy barrier for the 84-to-87 step, the second CO molecule may coordinate after the ring expansion.



The first step of cyclopropanation with no ligand trans to the Ru-ylidene bond was investigated with ethylene as a model olefin, in the presence of pyridene, PMe3 or PF3 phosphine (L2, π-acids weaker than CO), also varying ligands opposite the NHC (L1). With no L2 ligand or when L2 = py, the C–H activated complex was unstable. For L2 = PMe3 or PF3, the complex with the associated L2 ligand and the C–H activated catalyst were both stable, whereas the latter was favored for more acidic PF3 than PMe3 (similarly to CO). Additional studies showed that the PH3 ligand favorably binds in the trans position to the Ru-methylidene bond, pointing out that the NHC mesityl rings shield that position. When L1 = PMe3 or pyridine, the system behaved in a similar fashion, whereas using a stronger π-acids like CO or PF3 as L1 and L2 reduced the energy barriers between the precatalyst and the C–H activated complex, the latter becoming the only stable structure. The more electrophilic the catalyst containing L2, the more reactive the methylidene group is towards the Cipso. Moreover, the results showed that when both the precatalyst and the C–H activated complex were stable, the energy barrier for the conversion was rather small.



Grela and co-workers expanded the topic by applying amine-containing isocyanides, also known as scavengers, in quenching metathesis reactions and removing ruthenium from the product mixture [163,164,165]. In one of their studies they observed a coordination of such ligands to ruthenium in the second generation complexes, initiating Buchner reaction and inserting the benzylidene group into the N-aryl moiety [163] forming a decomposed complex 88. In the absence of the NHC, the treatment with isocyanide generated an inactive complex 89 and phosphine ylide 90 (Scheme 60). Among the three new metal scavengers I-III proposed by this group which contained a polar fragment with a tertiary nitrogen atom, II decomposed much faster than the ethyl vinyl ether (EVE). Unlike EVE, CO and D1, isocyanide II seemed to be an ideal olefin metathesis quenching agent, as proposed by Fogg et al. [166].



Further work of the Diver group focused on the kinetics of the Buchner reaction, this time triggered by alkyl and aryl isocyanides [167]. For all isocyanides, product 91 was the initial reaction product (Scheme 61a). It was the only product for alkyl isocyanides at 0 °C and aryl isocyanides, whereas at higher temperatures or for slower Buchner reactions, complex 92 with three isocyanide groups was formed. Such product existing as a mixture of cycloheptatrienyl ring isomers has been obtained previously [156] in a reaction of Hoveyda-Blechert catalyst 4 with 4-chlorophenyl isocyanide (Scheme 61b). It was also shown that at higher temperatures the phosphine dissociative mechanism was favored over the associative one. When the Buchner reaction was faster than isocyanide substitution for PCy3, the reaction with the second isocyanide molecule caused Buchner insertion and binding of the third molecule, generating the final tris(isocyanide) complex. Despite faster dissociation of PPh3 with respect to PCy3, such modification of the phosphine ligand did not affect the carbene insertion. However, it was affected by the ligand trans to the NHC, since its electron donating/withdrawing properties modulated the reactivity of ruthenium towards the Buchner reaction.



In these studies it was also shown that both steric and electronic properties of the isocyanide have an impact on the decomposition of ruthenium catalysts. Due to the constrained vacant coordination, the site positioned between a mesityl and cyclohexyl group was the most accessible to less sterically-hindered ligands, which was confirmed by Fogg et al. [88,101] Aromatic isocyanides presented in this work most probably accelerated the Buchner reaction compared to highly congested aryl isocyanides, as did electron-withdrawing isocyanide substituents. Moreover, to accommodate quenching the ligand must possess strong σ-donor and π-acceptor properties. Strong σ donation only resulted in the metal binding but was not itself sufficient to cause the Buchner insertion. Lack of the π accepting properties, on the other hand, gave rise to a decomposition pathway different from Buchner reaction, as reported by Grubbs et al. [84] The electronic environment of the metal in the complex also played a key role, since previous study [156] showed that electron-rich metal carbenes, such as Fischer carbenes, do not undergo the Buchner reaction but instead, a π conjugation may take place, that is, for a vinyl carbene.



Furthermore, Diver group emphasized the most favorable mechanism in which one isocyanide molecule is reversibly coordinated, the benzylidene is added to the mesityl group (rate-limiting step), followed by next fast steps. The electrophilicity of the carbene was the rate-determining factor of the process. The isocyanide addition most probably occurred in the trans position to the carbene, forming an 18-electron species 93 and altering the electronic nature of the carbene. It was suggested that the π orbital of the benzylidene carbene carbon was destabilized, weakening the bond with ruthenium and making the carbene more electrophilic [168]. The 16-electron intermediate 94 was formed on account of proximal mesityl group cyclopropanation, followed by the addition of a second isocyanide and ring opening, forming metallocyclic intermediate 95 [155].



Recently, the Trzaskowski group performed computational studies on the decomposition of Hoveyda-Grubbs catalysts promoted by acrylonitrile and also considered Buchner ring expansion, keeping in mind the possibility of generating complexes with two acrylinitrile ligands [99]. Acrylonitrile may interact with ruthenium complexes by attacking the π-bond of benzylidene and one chloride ligand, possibly leading to chloride abstraction and catalyst decomposition. Calculations were also performed for similar systems of phosphine-containing ruthenium complex coordinating the CO molecule [155]. Removing or substitution of the CO ligand with acrylonitrile caused intermediate 83 to become unstable and form back to the original complex or the cyclopropane intermediate (Scheme 62). It was shown that the decomposition pathway with one acrylonitrile was very unlikely from the energetic point of view. When two acrylonitrile ligands were attached to the complex through Ru-N interactions, most energy barriers were lower compared to complexes with one acrylonitrile. Decomposition of HGII with two acrylonitrile moieties through Buchner ring expansion was possible in room temperature through methylidene or cyanomethylidene species. It was, however, unlikely for CAAC systems, for which energy barriers were of at least 39.0 kcal/mol. It was speculated that the opposite trends of TONs for these catalysts versus HGII could be caused by the fact that metathesis may be much faster (usually 0.5–2 h) than decomposition (usually hours/days). Grela’s group earlier showed that CAAC Hoveyda-Grubbs-like catalysts decompose by 5% in 12 h, whereas analogues of HGII decomposes much faster (45% catalyst left after 4 h, 30% after 12 h) [169]. The high/low TONs for metathesis reactions may also be caused by catalyst being stuck in a non-productive cycle with no ability to form the final product.



The results obtained by Trzaskowski et al. showed different behavior of CAAC-containing catalysts and HGII in the presence of acrylonitrile [99]. It was suggested that low barriers for HGII may be due to strong interaction between acrylonitrile ligand trans to the methylidene/cyanomethylidene and mesityl group. This interaction exists in the key transition states for system 96 and 97 but not for 98. This transition state was also stabilized by the mesityl/phenyl-acrylonitrile interactions, while the methyl-acrylonitrile interaction destabilized that intermediate in 98. Energy barriers were estimated to be very similar for catalysts 98 and 97 and lower for 96. In the case of the Buchner ring expansion, the higher stability of 98 in the presence of acrylonitrile may be caused by minimizing interactions between the NHC/CAAC side groups and the acrylonitrile molecule. It was also suggested that the NHC/CAAC electronic properties and not only steric ones, itself may have an effect on the decomposition.





4. Conclusions and Future Outlook


Over 30 years after the synthesis of the first, well-defined ruthenium metathesis catalyst [3], our knowledge and understanding of the decomposition pathways of this important family of complexes is very broad. Over 150 studies cited in this review shed more light on the relationship between the structure and decomposition mechanisms and rates of these systems, which gave rise to the synthesis of even more efficient catalysts, less prone to decomposition. While around five years ago it looked like we have a very good understanding of all the major decomposition processes of ruthenium metathesis catalyst, some newer studied in this field showed that we were and may still be, far from knowing the complete picture. Of the many interesting studied reviewed here, a few warrant a special attention of the reader. These include definitely the seminal study by the Fogg group on the general Broensted base-driven decomposition pathway, valid for a broad range of Grubbs-class catalysts [81]. This study does not simply provide new data for yet another decomposition pathway under a new external agent but addresses the decomposition problem for a broader range of external agents and catalysts, providing mechanistic insight into the action of an entire class of compounds. A second study likely to have a large impact on the catalytic society is the discovery of the new, bimolecular decomposition pathway [36]. Combined with the older studies of van Rensburg [27] this work allows to investigate the two major decomposition routes for both old and new catalysts and already made possible to explain the differences in action between the standard Hoveyda-Grubbs catalysts and newer CAAC-based ones. They also pave a way for developing new catalysts, even less prone to degradation in the presence of olefins.



On the other hand there are still some unresolved problems and questions waiting for an answer. These include for example, the possible decomposition pathways of NHC-containing catalysts in only aprotic solutions, without any presence of olefin or external agents known to cause decomposition [169]. One possible decomposition mechanism in such setup could include a bimolecular coupling of benzylidenes, instead of methylidenes, following a pathway summarized in Scheme 63. One can also expect soon new studied on the more and more commonly used CAAC-containing catalysts’ and their susceptibility to various external agents, similar to former, analogous studies for Grubbs and Hoveyda-Grubbs complexes. We are certain, that in the next 5–10 years a new review on the decomposition pathways of ruthenium metathesis catalysts will be again timely, as there will be new, interesting results on this topic.
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Figure 1. Common ruthenium metathesis catalysts. 
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Figure 2. Schematic representation of the metathesis catalytic cycle; (a) initiation, (b,c) propagation. 






Figure 2. Schematic representation of the metathesis catalytic cycle; (a) initiation, (b,c) propagation.



[image: Catalysts 10 00887 g002]







[image: Catalysts 10 00887 sch001 550] 





Scheme 1. The van Rensburg decomposition mechanism for the 1st generation and 2nd generation Grubbs catalysts. L2 = PCy3, numbers represent relative Gibbs free energies at the density functional (DFT) level of theory in kcal/mol. 
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Scheme 2. The Nolan-Prunet mechanism of propylene isomerization with relative Gibbs free energies based on DFT results (in kcal/mol). 
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Scheme 3. (a) The ethylene-driven and allylbenzene-driven decomposition of metathesis catalysts using van Rensburg decomposition pathway and (b) 1-alkene-triggered catalyst decomposition for allylbenzene with DFT-based relative Gibbs free energies (in kcal/mol). 
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Scheme 4. The bimolecular coupling mechanism. 
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Scheme 5. Catalysts degradation in primary alcohols. L = SIMes or SIPr. 
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Scheme 6. Postulated alcohol-driven degradation mechanism by Dinger and Mol. 
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Scheme 7. Reaction of GI catalyst with the allyl alcohol in solution or in solid state. 
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Scheme 8. Primary allyl alcohol driven degradation in solution postulated by Werner and Wolf. 
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Scheme 9. The secondary allyl alcohol-driven degradation in solution postulated by Werner and Wolf. 
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Scheme 10. The reaction of Grubbs-type catalyst with methoxides. 
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Scheme 11. The proposed mechanism of formation of ruthenium complexes 7–10 due to a methoxide attack on Grubbs-type complexes. 
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Scheme 12. The degradation mechanism in presence of hydroxide ion proposed by Fogg et al. with DFT-based relative Gibbs free energies (in kcal/mol). 
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Scheme 13. Two mechanisms of alcoholysis and Gibbs free energy profile (in kcal/mol) for the phosphine-off mechanism obtained at the DFT level of theory (blue route via 11). 






Scheme 13. Two mechanisms of alcoholysis and Gibbs free energy profile (in kcal/mol) for the phosphine-off mechanism obtained at the DFT level of theory (blue route via 11).



[image: Catalysts 10 00887 sch013]







[image: Catalysts 10 00887 sch014 550] 





Scheme 14. The alcoholysis decomposition products of the Grubbs-type indenylidene precatalyst in (a) RCH2OH and (b) iPrOH. 
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Scheme 15. The energy profile of M10 formation from the two different DFT methods (in kcal/mol). 
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Scheme 16. The energy profile of M11, M10, M1 formation from the DFT calculations (values in kcal/mol). 
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Scheme 17. Comparison of the alcohol-driven decomposition of (a) symmetric and (b) asymmetric 2nd generation indenylidene catalysts with the Gibbs free energies (in kcal/mol) calculated at the DFT level of theory. 
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Scheme 18. The mechanism of metathesis in the presence of phenols with suggested PhOH coordination structures to activated catalyst. 
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Scheme 19. A schematic representation of the equilibrium step with salt during conversion to the inactive form of the catalyst. 
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Scheme 20. The formation of phosphonium salt and the mechanism of acrylate-induced decomposition. 
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Scheme 21. The methyl-acrylate induced formation of ruthenium dimers. 
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Scheme 22. The amine-driven decomposition of metallacyclobutane with the Gibbs free energy profile obtained at the DFT level of theory. 
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Scheme 23. A schematic representation of role of phenol during olefin metathesis reaction. 
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Scheme 24. An amine-driven decomposition product obtained with the excess of pyridine. 
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Scheme 25. The structure of investigated catalysts and obtained amine adducts in the study of ruthenium complexes stability towards amines. 
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Scheme 26. The amine-driven decomposition of ruthenium complexes studied by Fogg. 
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Scheme 27. The proposed mechanism of amine-induced decomposition in conditions of ring-closing metathesis (RCM). 
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Scheme 28. The donor-induced decomposition of 1st generation ruthenium carbene catalysts. 
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Scheme 29. HGII and GII reactions with secondary amines and DBU. 
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Scheme 30. The reaction of HGII with primary amines. 
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Scheme 31. The proposed mechanism of deactivation of HGII by amine. 
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Scheme 32. The rate-limiting step for the donor-accelerated loss of methylidene. 
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Scheme 33. The rate limiting step for the donor-accelerated loss of methylidene based on the inhibition of the carbene rotation. 
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Scheme 34. The decomposition pathway of the methylidene active species by small ligands: (a) tetramethylimidazol-2-ylidene IMe4 and (b) N-heterocyclic olefin CH2 = IMe4, with the Gibbs free energy profile from DFT calculations. 
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Scheme 35. The mechanism of acrylonitrile driven decomposition proposed by Guo et al. 
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Scheme 36. The mechanism of decomposition of GII by CH3CN based on mass spectrometry analysis. 
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Scheme 37. The reactions of ruthenium Grubbs carbenes in presence of O2. 
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Scheme 38. Three proposed reaction of Ru-catalyst under oxygen, n.d. = not determined; (a) a benzylidene attack by O2, (b) a [2+2] cycloaddition of O2, (c) a bimolecular degradation with stilbene release. 
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Scheme 39. The temperature-induced 1st generation Grubbs catalyst decomposition route. 






Scheme 39. The temperature-induced 1st generation Grubbs catalyst decomposition route.
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Scheme 40. The thermal degradation of Fisher carbenes generated from GII catalyst. 






Scheme 40. The thermal degradation of Fisher carbenes generated from GII catalyst.
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Scheme 41. The thermal decomposition of the Fischer-type carbene. 






Scheme 41. The thermal decomposition of the Fischer-type carbene.
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Scheme 42. The proposed mechanism of the thermolysis of the 2nd generation Grubbs carbenes. 






Scheme 42. The proposed mechanism of the thermolysis of the 2nd generation Grubbs carbenes.
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Scheme 43. The decomposition rates of ruthenium methylidene complexes. 






Scheme 43. The decomposition rates of ruthenium methylidene complexes.
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Scheme 44. The suggested paths of the decomposition of the methylene complex under metathesis reaction with ethylene. 






Scheme 44. The suggested paths of the decomposition of the methylene complex under metathesis reaction with ethylene.
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Scheme 45. The structures of (a) investigated ruthenium 1st generation catalysts and (b) identified decomposition species. 






Scheme 45. The structures of (a) investigated ruthenium 1st generation catalysts and (b) identified decomposition species.
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Scheme 46. The C–H activation of Grubbs catalyst. 






Scheme 46. The C–H activation of Grubbs catalyst.
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Scheme 47. (a) The C-H activation of the P-P and P-As complexes and (b) the proposed mechanism for the C-H activation of six-coordinate complex with additional PPh3 (blue) and IMes ligand (red), with the Gibbs free energies estimated at the DFT level of theory (in kcal/mol). 






Scheme 47. (a) The C-H activation of the P-P and P-As complexes and (b) the proposed mechanism for the C-H activation of six-coordinate complex with additional PPh3 (blue) and IMes ligand (red), with the Gibbs free energies estimated at the DFT level of theory (in kcal/mol).
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Scheme 48. The C-H activation of ruthenium hydride complexes. 






Scheme 48. The C-H activation of ruthenium hydride complexes.
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Scheme 49. The C–H activation of CO-containing complexes. 






Scheme 49. The C–H activation of CO-containing complexes.
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Scheme 50. The C–H activation of the second generation Grubbs catalysts containing phenyl-substituted NHC ligand. 






Scheme 50. The C–H activation of the second generation Grubbs catalysts containing phenyl-substituted NHC ligand.
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Scheme 51. The mechanism of the C–H activation of catalysts containing phenyl-substituted NHC ligands with the relative Gibbs free energies (in kcal/mol), as proposed by Cavallo. 






Scheme 51. The mechanism of the C–H activation of catalysts containing phenyl-substituted NHC ligands with the relative Gibbs free energies (in kcal/mol), as proposed by Cavallo.



[image: Catalysts 10 00887 sch051]







[image: Catalysts 10 00887 sch052 550] 





Scheme 52. The mechanism for insertion reaction proposed by Blechert. 






Scheme 52. The mechanism for insertion reaction proposed by Blechert.
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Scheme 53. (a) The proposed mechanism of the decomposition of phosphonium complexes and (b) the self-trapping of the proposed intermediate V. 






Scheme 53. (a) The proposed mechanism of the decomposition of phosphonium complexes and (b) the self-trapping of the proposed intermediate V.
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Scheme 54. The decomposition of the diruthenium chloro-bridged complex. 






Scheme 54. The decomposition of the diruthenium chloro-bridged complex.
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Scheme 55. (a) The synthesis of the C-H activated catalyst 72 and its decomposition via exposure to an excess CO; (b,c) the C-H activation via tBuCOOAg. 






Scheme 55. (a) The synthesis of the C-H activated catalyst 72 and its decomposition via exposure to an excess CO; (b,c) the C-H activation via tBuCOOAg.
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Scheme 56. The initial step of the deactivation pathway for complexes containing phenyl-substituted NHC ligands with relative Gibbs free energies from the DFT calculations (in kcal/mol). 






Scheme 56. The initial step of the deactivation pathway for complexes containing phenyl-substituted NHC ligands with relative Gibbs free energies from the DFT calculations (in kcal/mol).
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Scheme 57. The mechanism of isocyanide-promoted ylidene transfer to phosphorus proposed by Diver. 






Scheme 57. The mechanism of isocyanide-promoted ylidene transfer to phosphorus proposed by Diver.
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Scheme 58. The isocyanide-promoted ligand insertion into GII complex. 






Scheme 58. The isocyanide-promoted ligand insertion into GII complex.
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Scheme 59. The CO-driven deactivation pathway of GII with L = PMe3 or CO, with Gibbs free energies (in kcal/mol) based on DFT calculations. 






Scheme 59. The CO-driven deactivation pathway of GII with L = PMe3 or CO, with Gibbs free energies (in kcal/mol) based on DFT calculations.
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Scheme 60. The reactivity of isocyanides towards the first and second generation metathesis catalysts. 






Scheme 60. The reactivity of isocyanides towards the first and second generation metathesis catalysts.
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Scheme 61. The mechanism for the CNR-promoted Buchner insertion proposed by Diver for (a) GII and (b) HGII. 






Scheme 61. The mechanism for the CNR-promoted Buchner insertion proposed by Diver for (a) GII and (b) HGII.
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Scheme 62. The Gibbs free energy profile of decomposition of HGII and CAAC-containing catalysts via Buchner ring expansion with either (a) one or (b) two acrylonitrile ligands. 






Scheme 62. The Gibbs free energy profile of decomposition of HGII and CAAC-containing catalysts via Buchner ring expansion with either (a) one or (b) two acrylonitrile ligands.
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Scheme 63. The hypothetical bimolecular coupling mechanism for activated benzylidenes. 






Scheme 63. The hypothetical bimolecular coupling mechanism for activated benzylidenes.
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