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Metathesis Reactions: Recent Trends and Challenges Christophe Deraedt,[a] Martin d’Halluin,[a] and Didier Astruc*[a] Keywords: Metathesis / Supported catalysts / Z-selectivity / Alkynes Metathesis reactions are now essential for the synthesis of complex organic molecules; a large variety of useful materials are available, and progress in this field is growing rapidly. Emphasis in this review on metathesis is placed on the recent developments of stereoselectivity aspects by using new families of molybdenum (Schrock type) and ruthenium (Grubbs type) catalysts for olefin metathesis. Recent progress in alkyne metathesis catalysts (Fürstner type) and their properties and impressive synthetic applications are highlighted as well as new terminal alkyne metathesis catalysts (Tamm type). The various strategies involved in recovering the catalyst and



removing metal impurities from products towards “green chemistry” are briefly reviewed. The relationship of olefin metathesis is shown with the alkyne metathesis reaction that was exploited by Fürstner, with alkane metathesis that was achieved by using surface organometallic chemistry and highlighted by Basset, and with the use of classic organometallic catalysts by the Goldman and Brookhart groups. Finally, recent developments in polymer chemistry that involve stereochemical control, low polydispersities, and applications are summarized.
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1. Introduction Metathesis reactions, that is, the reorganization (transposition) of multiple carbon–carbon bonds, have appeared as an essential method to construct molecules, including natural and new complex organic molecules and polymers, in an efficient and green way.[1–22] As such, their contribution to medicine, biochemistry, and materials science is essential and is growing rapidly. The most important metathesis reaction is olefin metathesis (Scheme 1), because olefins are common molecules, and terminal and disubstituted olefins are easily available, but alkyne metathesis has also recently been considerably developed.



Scheme 1. General Chauvin mechanism of olefin metathesis.



From these simple olefins, the challenging synthesis of tri- and tetrasubstituted olefins with well-defined stereochemistry becomes possible through a stereoselective olefin metathesis reaction, and decisive progress in this area is very recent with new Schrock-type and Grubbs-type catalysts. Alkyne metathesis is less common but is, nonetheless, all the more useful, because various natural molecules contain alkynyl groups and because alkyne metathesis does not involve stereochemical problems, which is in contrast to alkene metathesis. The recent development of new alkyne metathesis catalysts and their application to organic synthesis by Fürstner and his group is considerable. Metathesis reac-
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tions of alkenes and alkynes are very similar and involve the coordination of the alkene or alkyne to the electronically deficient metal center of a metal–alkylidene or metal–alkylidyne metathesis catalyst, respectively.[6] According to the well-established Chauvin mechanism,[2,21] the mechanism then includes the formation of a metallocyclobutane or metallocyclobutadiene intermediate that produces a new metal–alkylidene–olefin or a new metal–alkylidyne–alkyne that yields a metathesized unsaturated hydrocarbon and the new catalytic species containing a metal–carbon multiple bond (Scheme 1). Alkyne metathesis is not only useful per se, but it is also useful to solve stereochemical problems in alkene metathesis, because alkyne reduction can be stereoselective.[5] Alkane metathesis proceeds by dehydrogenation to the alkene followed by alkene metathesis and hydrogenation of the metathesized alkene, and this development has been pioneered by the Basset group.[22] Recent progress of this old reaction has also emerged from classic organometallic chemistry. Thus, it appears that alkene metathesis is central, because as indicated above, it bears connections to alkyne and alkane metatheses. Another challenging problem is that of the recovery of the catalyst and the leaching of metals into the reaction medium, because industrial requirements do not tolerate more than 5 ppm of a metal contaminant. This crucial problem has been recently intensively searched, and valuable methods have started to appear.[15] In this review, we will thus focus on the recent trends of the metathesis reactions indicated above including stereoselectivity in olefin metathesis, recent improvements in alkyne metathesis, metal catalysts recovery, and increased efficiency in the synthesis of polymer materials by metathesis.



2. Classic Alkene Metathesis Catalysts and Reaction Types Presently, the most used olefin metathesis catalysts are the Schrock catalyst, [Mo]-1;[4] the first- and second-generation Grubbs catalysts, [Ru]-1[23] (Cy = cyclohexyl) and [Ru]2 (Mes = mesityl),[24] respectively; and the chelated Blechert–Hoveyda catalyst, [Ru]-3 (Scheme 2).[6,7] [Mo]-1 is more reactive than the ruthenium catalyst, but it is also air and moisture sensitive and thus more difficult to use. The use



Scheme 2. Eur. J. Inorg. Chem. 2013, 4881–4908
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www.eurjic.org of the ruthenium catalysts is advantageous, as they are air and water stable. Thus, the most frequently used catalysts are the commercial compounds [Ru]-1 and [Ru]-2; the latter is more reactive and more stable than the former. [Ru]-3 is particularly robust. The ruthenium catalysts are not compatible with amine and phosphane groups, whereas [Mo]-1 is. In contrast, the Ru catalysts are compatible with alcohols, carboxylic acids, aldehydes, which is not the case for the Mo catalysts. The N-heterocyclic carbene (NHC) ligands shown in Scheme 2 for [Ru]-2 and [Ru]-3 were introduced in metathesis reactions and in catalysis in general by Herrmann.[25] There are many structural variations that are helpful in catalyst design, in particular with regard to the N substituent, although the Mes substituent is the most frequently used.[25,26] NHC ligands are strong σ-donor ligands that largely contribute to the stability of the complex and the efficiency of the catalytic cycles, as in many other catalytic reactions.[25–28] The catalytic activity of the robust [Ru]-3 catalyst was improved by Grela’s group who introduced the strongly electron-withdrawing nitro substituent in the isopropoxybenzylidene ligand, that is, [Ru]-4 (Scheme 3), to destabilize the Ru–ether ligand bond.[29,30] A similar result was obtained by Blechert’s group upon introducing a phenyl substituent in [Ru]-5 that sterically destabilizes this metal–ligand bond.[6,31,32] A very large number of variations of this type of catalyst have been reported.[13,15] For instance, a water-solubilizing ammonium group such as that in [Ru]-6 allows easy removal of the catalyst in the aqueous phase from the organic products by liquid–liquid extraction after the metathesis reaction (Scheme 3). Analogous results were obtained with ether and polyethylene glycol (PEG) substituents. This strategy was extended to the anchoring of one of



Scheme 3. Eur. J. Inorg. Chem. 2013, 4881–4908
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the ligands to organic (PEG, Merrifield resin) and inorganic (silica, metal oxide) polymer supports.[8] Myriads of structural variations of NHC ligands in Ru metathesis catalysts have been reported and reviewed. Buchmeiser examined the metathesis activities of complexes containing ligands derived from 1,3-diazepin-2-ylidene that showed good activities for ring-opening metathesis polymerization (ROMP) reactions. Of particular interest are the ruthenium complexes of the so-called mesoionic carbene (MIC) ligands developed by the groups of Bertrand and Grubbs (Scheme 4), because of the remarkable donicity properties of this new class of ligand and their excellent performances in various types of olefin metathesis reactions. For instance, cycloaddition between 1,3-diaza-2azoniallene salts and alkynes provides 1,3-diaryl-1H-1,2,3triazolium salts that are precursors of the highly stable 1,2,3-triazolyl-5-ylidene MICs and the corresponding Ru metathesis catalysts.[33,34]



Scheme 4. Bertrand’s mesoionic ligands for Ru metathesis catalysts.



In the case of a Ru–benzylidene complex bearing both a classic bis(mesityl) NHC ligand and a MIC ligand, protonolysis of the Ru–MIC bond upon reaction with a Brønsted acid generated an extremely active metathesis catalyst. The protonation step was shown to be rate determining in the generation of the MIC-free 14-electron metathesis-active species [Ru(NHC)(=CHPh)Cl2].[35] Other structural variations of metathesis catalysts that has been recently conducted mostly by the Buchmeiser, Fogg, and Grubbs groups (see above) involve pseudohalide derivatives that are obtained by substitution of the chloride ligands of the ruthenium and molybdenum complexes by pseudohalides X (X = halide, alkoxide, aryloxide, monoor bidentate carboxylate, nitrate, trifluoromethanesulfonate, isocyanate, isothiocyanate) upon reaction with AgX. The best results with these catalysts are eventually obtained for ROMP reactions (see Section 6), whereas the efficiency of the catalysts are lower than those of the chloro precursors in ring-closing metathesis (RCM) and cross metathesis (CM).[36–44] Readily accessible indenylidene complexes [Ru]-7 and [Ru]-8[5,45–51] that are robust and efficient olefin metathesis catalysts have been reported by the groups of Fürstner[45–47,51] and Nolan.[48,49] These complexes were shown to be in many cases fully equivalent to [Ru]-2 and [Ru]-3, although their activities under ambient conditions were lower.[13] Great interest in these catalysts lies in their practical and easy synthesis subsequent to the serendipitous discovery of the spontaneous formation of [Ru]-7 by Fürstner’s group (Scheme 5).[5,45]
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without ligand decoordination.[4,7,58] Although Schrock’s catalysts are air and moisture sensitive, Fürstner’s group discovered that their reaction with 2,2⬘-bipyridine (bipy) makes them air stable and even storable in air for long periods of time. The bipyridine complexes are not themselves catalytically active, but catalytic activity can be restored anytime upon addition of ZnCl2 to the pyridine adduct in the metathesis reaction medium (Scheme 7).



Scheme 5. Synthesis of the indenylidene Ru metathesis catalysts.



The reason for the enhanced catalytic activity obtained by destabilization of the ether–ruthenium bond in the 16electron precatalysts [Ru]-3–6 is the generation of the catalytically active 14-electron ruthenium species resulting from ether ligand decoordination as well as from phosphane decoordination in the 16-electron precatalysts [Ru]-1 and [Ru]2 (Scheme 6). Remarkably, Piers’ group isolated 14-electron ruthenium phosphonium–alkylidene complexes that are better metathesis catalysts, as they do not require ligand decoordination before olefin binding, which results in very low olefin binding energy, high catalytic activity in model RCM reactions,[52–55] and the direct relevant observation of ruthenacyclobutane intermediates resulting from olefin coordination.[53–55] Grubbs’ group also observed ruthenacyclobutane intermediates.[56]



Scheme 7. How to protect Schrock’s olefin metathesis catalysts from air and moisture according to Fürstner.[59]



Specialized olefin metathesis catalysts for stereoselective and/or polymerization will be introduced in the corresponding sections. The most common modes of olefin metathesis that are catalyzed by Schrock-type and Grubb-type complexes are RCM, CM, and ROMP.



3. Enantioselectivity and Stereoselectivity in Alkene Metathesis Chiral molybdenum and ruthenium catalysts such as [Mo]-2[58] and [Ru]-9[59] (Scheme 8) are known to favor high enantioselectivity for ring-closing and ring-opening/cross metathesis, although enantioselective CM still remains a challenge.



Scheme 6. Mechanism of olefin metathesis reactions with Ru catalysts. With L = PCy3 (complex [Ru]-1), k1 = 102; k2/k–1 = 10–4; with L = saturated NHC (complex [Ru]-2), k1 = 1; k2/k–1 = 1. It is the faster complexation of the olefins by the 14e intermediate that makes the [Ru]-2 catalyst more active than the [Ru]-1 catalyst (not the phosphane decoordination step).[57]



Whatever the type of olefin metathesis and the structure of the ruthenium precatalyst, the general Chauvin mechanism applies, as exemplified in Scheme 1 for CM. The Schrock family of catalysts derived from [Mo]-1 are 14-electron complexes, and olefin coordination to form active 14-electron metallacyclobutanes proceeds directly Eur. J. Inorg. Chem. 2013, 4881–4908



Scheme 8.



The Schrock group created a new generation of Mo and W alkene metathesis catalysts containing a pyrrolide ligand (or a methylated derivative).[58] The pyrrolide ligand is comparable to the cylopentadienyl ligand and can be bonded to the metal in a monohapto (η1) or pentahapto (η5) fashion depending on the bulk requirement of the metal center in the complex. The mono(pyrrolide) complexes of Schrock’s
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family are accessible by reaction of an alcohol or phenol with a bis(pyrrolide) precursor [Equation (1); Me2Pyr-H = 1,4-dimethylpyrrole, Ar = arene, iPrF6 = perfluoroisopropyl, iBuF6 = perfluoroisobutyl].



(1)



The Mo complexes are more active metathesis catalysts than the W complexes, and interestingly, mono(pyrrolide) Mo complexes such as [Mo]-3 are also more active in RCM, ring-opening cross metathesis (ROCM), and ROMP reactions than the related bis(alkoxide), bis(aryloxide), and bis(pyrrolide) Mo complexes.[60,61] Moreover, the reaction of chiral phenoxide with the bis(pyrrolide) complex yields two diastereoisomers (the Mo center itself is chiral); the SMo (i.e., chiral Mo center with the S configuration) form of [Mo]-4 is largely preferred and can be separated by crystallization. An example of a very efficient desymmetrization reaction by using chiral mono(pyrrolide) Mo catalyst [Mo]-4 is shown in Equation (2) (TBSO = tert-butylsilyl ether).[62] The regioselectivity issue has long been recognized as a major problem in olefin metathesis. RCM for small-ring formation, typically five-membered carbon rings, leads to Z cycloolefins for clear steric reasons, but the regioselectivity is lost in the formation of large rings that are of higher biosynthetic interest. There are favorable examples, however. For instance, the macrocyclic hepatitis C virus (HCV) S3 protease inhibitor labeled BILN 2061 (CiluprevirTM) was synthesized by RCM. The best results were obtained with Grela’s catalyst [Ru]-4 to yield the precursor macrocycle of BILN 2061 (Scheme 9) with the desired Z selectivity[63–65] by using a RCM reaction that was scaled up to 400 kg.[66]



(2)



In cross olefin metathesis, the regioselectivity is, in general, also weak. An elegant way to overcome this regioselectivity problem was first disclosed by Fürstner by using alkyne metathesis followed by regioselective reduction to the Z olefin by using the Lindlar catalyst, and the E olefin could be obtained by Birch reduction. This strategy was exemplified for the total synthesis of epothilone C, for which nonselective RCM had been less attractive than conventional methods. The total synthesis of epothilone C was indeed subsequently achieved by Fürstner’s group through alkyne metathesis followed by stereospecific reduction with the Lindlar catalyst to give the precursor that yielded the final product in only one more step.[67] The problem of E selectivity in CM reactions was further initially examined by the groups of Grubbs and Blechert.[19] On the basis of the fact that thermodynamic control favors the E olefin over the Z isomer, these groups disclosed that the E selectivity could be improved if the metathesis reactions were conducted with an olefin bearing a bulky or electron-withdrawing substituent. For instance, with an ester or nitrile substituent, formation of the E product was completely stereoselective with the use of standard catalysts.



Scheme 9. Synthesis of BILN 2061 involving a stereospecific RCM step most efficiently catalyzed by Grela’s complex [Ru]-4.[65] Eur. J. Inorg. Chem. 2013, 4881–4908
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www.eurjic.org This principle was, for instance, successfully applied to the metathesis functionalization of olefin-terminated dendrimers.[68] Given that Z olefins are less thermodynamically stable than their E isomers, direct access to Z olefins suffered from the classic thermodynamic control of olefin metathesis reactions. For CM reactions, Z selectivity is thus difficult to induce, and there are only a few examples involving substrates with an sp-hybridized substituent such as acrylonitrile or enynes for which the Z selectivity of the CM was between 65 and 90 %.[69] Fürstner and Gallenkamp proposed a strategy for the stereoselective synthesis of E,Zconfigured 1,3-dienes by RCM catalyzed by [Ru]-3. This strategy consisted of positioning a bulky R3Si group on the diene–ene substrate to stereodirect the reaction and to protect the internal alkene. This procedure was applied to the synthesis of various macrocyclic E,Z-configured 1,3-dienes including lactimidomycin,[70] a potent translation and cellmigration inhibitor (Scheme 10).
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The situation allows coordination of the olefin trans to the pyrrolide ligand so that the substituent of the olefin points away from the flexible bulky aryloxide and it is also on the side of the imido group; this leads to the formation of a metallacyclobutane in which the two substituents are cis, the precursor of the Z olefin (Schemes 11 and 12). In this way, the Z selectivities that were obtained with the Mo and W catalysts were attributed to the differences in the sizes of the two apical ligands of the incipient metallacyclobutane complex.



Scheme 11. General mechanism of Z-selective metathesis with Schrock’s molybdenum catalyst.



Scheme 10. Fürstner’s strategy leading to a selective E,Z diene.[70] BnMe2Si = dimethylbenzylsilyl.



During the recent years, the groups of Schrock and Grubbs have disclosed new classes of Mo and Ru catalysts, respectively, that provoke kinetic control of Z olefin formation in CM, homocoupling metathesis, and RCM. In all cases, the principle consists of designing new catalysts with a bulky ligand that forces the substituent of the incoming olefin to be on the opposite side to the bulky ligand of the catalyst. To induce kinetic control of Z selectivity in CM, the Schrock and Hoveyda groups used efficient mono(aryloxidepyrrolide) (MAP) complexes (Mo and W).[71–74] The aryloxide ligand is especially bulky, as in [Mo]-4, whereas the imido ligand bears an adamantyl substituent that is not bulky, unlike in [Mo]-4. The mechanism explaining the Zselective metathesis with MAP complexes is the following: Eur. J. Inorg. Chem. 2013, 4881–4908



The presence of the E olefin in the catalysis with this complex is, according to the authors, possibly due to the isomerization of the Z olefin. Moreover, the inherent reversibility of olefin metathesis and the higher reactivity of Z alkenes (vs. E isomers) further exacerbate the problem for Z selectivity. The production of six different products in the case of CM versus the production of only two products in homocoupling metathesis is also a problem to note. The CM between enol (and allylic amides) and alkenes with the same Mo catalyst was studied for natural product synthesis applications, for instance, the antioxidant plasmalogen phospholipid and a potent immunostimulant KRN7000 (Scheme 13). An excess amount of cheap enol is important for the Z selectivity of the reaction (up to 98 % and 97 % yield), and the establishment of a reduce pressure system has been proven to be very efficient to avoid the reversibility of the reaction induced by the production of ethylene.[75] This finding implies that the Z olefin can be easily converted into the E olefin with the same catalyst in the presence of a huge amount of ethylene through ethenolysis.[76] Mo and W MAP catalysts were also used recently in RCM for natural products synthesis.[77] The synthesis of nakadomarin A (anticancer, antifungal, and antibacterial first isolated from the sea sponge Amphimedo) was conducted in seven steps, and the first step corresponds to Z-selective RCM (97 % Z and 90 % yield) catalyzed by [Mo]-7 (Scheme 14). In parallel, the group of Grubbs developed a new series of ruthenium metathesis catalyst that provides Z selectivity.
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Scheme 12. Steric control by the large and rotating monodentate aryloxide ligand of [Mo]-5 leading to Z-selective metathesis.[71,75]



According to Scheme 15 and starting from [Ru]-10 and NHCs, the complexes [Ru]-3 and [Ru]-11 were produced. They underwent chloride abstraction upon reaction with silver pivalate, but the electron-deficient ruthenium center then activated a C–H bond from a methyl group of the Mes substituent of the NHC ligand or from the adamantly substituent to give the new ruthenium–alkyl complexes [Ru]-12 and [Ru]-13, respectively, in which the pivalate ligand is chelated to the Ru center.[78–80] These complexes provide Z-selective CM,[78,79] and the selectivity and efficiency are improved upon replacing the pivalate ligand in [Ru]-13 by a nitrato ligand in [Ru]-15 via [Ru]-14, as indicated in Scheme 15.[80] Complex [Ru]-13 was the first Ru complex to catalyze the CM of two different olefins with 90 % Z isomer and 64 % yield [Equation (3)].[79]



(3)



Scheme 13. Synthesis of C18 (plasm)-16:0 (PC) through Z-selective CM catalyzed by [Mo]-6.[75] Eur. J. Inorg. Chem. 2013, 4881–4908
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a conversion ⬎95 % and a Z selectivity ⬎95 %. This catalyst is air sensitive but not water sensitive.[79] A screening of various closely related catalysts of this family led to the conclusion that the adamantyl part was essential for the selectivity of the reaction, that the ortho substitution of the aryl group on the NHC ligand was important for stabilization and avoiding undesirable C–H activation, and finally that the bidentate ligand played a key role. Indeed, if this bidentate ligand was replaced by a monodentate ligand, the activity decreased markedly. With the nitrato ligand in [Ru]15, an increase in the activity [Equation (4)] with a turnover number (TON) up to 1000 was achieved, and the Z selectivity was ⬎95 %. Furthermore, the nitrato catalyst [Ru]-15 is more stable in air than the carboxylate catalyst [Ru]-13, and it is easier to purify.[80]



(4)



Scheme 14. Synthesis of nakadomarin A through Z-selective RCM catalyzed by [Mo]-7.[77] Boc = tert-butoxycarbonyl.



The Z-selective homocoupling of various functional terminal olefins (such as olefinic alcohol, allylsilane, allyl acetate, allyl borane, etc.) was investigated with [Ru]-13. The reaction works very well in protic solvents (e.g., MeOH, EtOH) at 35 °C (with a vent of the inert atmosphere to remove the ethylene that deactivates the catalyst) leading to



These observations were confirmed by DFT calculations. The mechanism of olefin metathesis employing previous unchelated Ru (without pivalate or nitrato ligand) catalysts with phosphane or NHC ligands such as [Ru]-1 and [Ru]2 was investigated extensively by computational studies by various research groups.[81] The generally accepted mechanism involves a 14-electron Ru–alkylidene species that binds to an olefin molecule from the bottom position (i.e., trans to the NHC ligand) or the side position (i.e., cis to the NHC ligand). Low-temperature studies of metallacycles formed from Ru catalysts with NHC ligands are most consistent



Scheme 15. Synthesis route of [Ru] catalysts that are useful in classic metathesis and in Z-selective metathesis.[78–80] Eur. J. Inorg. Chem. 2013, 4881–4908
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Figure 1. Transition state (TS) structures for the side- and bottom-bound pathways with Z-selective catalyst. Reprinted with permission from ref.[81] Copyright © 2012 American Chemical Society.



with a bottom-bound metallacycle.[53–56] Previous DFT studies suggested that the bottom-bound pathway was more favorable with unchelated Ru catalysts[82–84] and that the formation of the E products was favored both kinetically and thermodynamically.[84,85] In contrast, if chelated catalyst (i.e., Z-selective catalyst) are used, the DFT calculations showed that the side-bound pathway requires less energy than the bottom-bound pathway. The strong preference for the side-bound mechanism with the chelated catalysts is due to a combination of steric and electronic effects of the chelating NHC ligand. The side-bound pathway implies the cis attack of the olefin to the NHC and a trans attack to the adamantyl group (Figure 1), which leads to the Z olefin.[81,86] Given that the steric bulk of the NHC ligand controls the Z selectivity of the metathesis reactions, the Grubbs group engaged the synthesis of a catalyst related to [Ru]-15 and containing a NHC ligand with the very bulky 2,6-di(isopropyl)phenyl (DIPP) substituent. The synthetic route initially used for [Ru]-15 employing silver pivalate (Scheme 15) failed, but the targeted catalyst was successfully obtained by using the new route shown in Scheme 16.



This bulkier [Ru]-16 catalyst exhibits higher Z selectivity than the previously reported [Ru]-15 catalyst. For example, with the homodimerization of methyl 10-undecenoate [Equation (4)], [Ru]-16 provided both yield and Z selectivity ⬎95 %.[87] Grubbs’ group also spread the Z-selectivity of RCM and CM to the synthesis of interesting biological molecules by using [Ru]-16. Thus, the synthesis of macrocycles containing 13 to 20 carbon atoms was achieved with a Z selectivity up to 94 % (74 % yield),[88] and in 2013, the total synthesis of insect pheromones in a few steps was reported with a Z selectivity of 80 % and a yield of 70 % (Scheme 17).[89]



4. Catalyst Recovery and Methods to Avoid Metal Contamination Industrial applications require the improvement of two main aspects in catalysis. First, the leaching of metal from the catalyst in the solution containing the reaction product must be avoided. To face this problem, two main strategies can be used. The first one is the treatment of the product



Scheme 16. Grubbs’ synthetic route to the highly Z-selective metathesis catalyst [Ru]-16. Eur. J. Inorg. Chem. 2013, 4881–4908
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Scheme 18. Oxidative decomposition pathway for the Grubbs second-generation catalyst [Ru]-2 by using H2O2.[93] Scheme 17. Synthesis of an insect pheromone through Z-selective CM catalyzed by [Ru]-13.[88]



by using a metal scavenger to eliminate the trace amounts of metal. The second one is the design of a catalyst that does not leach during the reaction. The second strategy consists of recovering and recycling the catalyst. To easily recover and recycle the catalyst, various methods can be envisaged. One way is to immobilize the catalyst on a surface to avoid metal leaching into the reaction mixture. A second way is to design a catalyst containing a functional group that will be used in the purification steps. For this purpose, ruthenium catalysts have been the most currently investigated among metathesis catalysts owing to their stability towards air and moisture. Some examples of Rubased catalysts are introduced and discussed below. An early catalyst was described by Grubbs et al.[90] that contained a water-soluble phosphane, tris(hydroxymethyl)phosphane, to remove the water-soluble catalyst from the products. A contamination level of 206 ppm was reached after adding 86 equivalents of this phosphane and conducting silica gel filtration. Paquette et al.[91] then reported the use of Pb(OAc)4 and reached a Ru level around 300 ppm and a Pb level around 5 ppm. The method developed by Grubbs was then improved by Georg et al.[92] by using triphenylphosphane oxide (Ph3P=O) or DMSO as a metal scavenger (50 equiv.), which led to a Ru level of 240 ppm after silica gel filtration. These methods are simple and cheap, especially the one involving the use of DMSO, but the Ru level was still too high to allow industrial applications. For pharmaceutical use in particular, the authorized Ru level is 5 ppm for oral drugs and 0.5 ppm for parenteral drugs. More recently, Knight et al. reported the use of hydrogen peroxide (H2O2) as a metal scavenger.[93] H2O2 plays the role of an oxidant and decomposes the Ru catalyst into various byproducts that are easy to separate from the crude reaction product (Scheme 18). A Ru level below 5 ppm was reached in the case of Grubbs second-generation catalyst [Ru]-2. To reach a Ru contamination level of ⬍5 ppm, new homogeneous catalysts and supported catalysts have been introduced. Grubbs et al. reported a PEG-tagged Grubbs second-generation catalyst, [Ru]-17, that exhibited good solubility in both organic solvents and water.[94] Upon treating the crude product of the metathesis reaction with water extraction and activated carbon, a Ru level as low as 0.04 ppm was reached. Eur. J. Inorg. Chem. 2013, 4881–4908



This strategy of designing catalysts bearing a tagged NHC ligand was also very recently used by Grela et al.[95,96] This group reported catalysts containing a NHC ligand tagged with an ammonium or a benzimidazolium moiety in [Ru]-18 and [Ru]-19 that presented very good solubility in water, which allowed easy purification upon water extraction and very low Ru contamination of the metathesis product, below 1 ppm (Scheme 19).



Scheme 19. [Ru]-17,[94] [Ru]-18,[95] and [Ru]-19.[96]



Polymer-supported metathesis catalysts were reviewed by Buchmeiser in 2009.[97] The polymeric support can be connected to various ligands of the catalyst (Scheme 20), which usually affords a very low level of metal contamination in the product of the metathesis reaction. In principle, Grubbs-type catalysts can be immobilized by (1) one of the neutral, 2-electron donor ligands, that is, the phosphane, the (substituted) pyridine, or the NHC; (2) the alkylidene ligand; (3) halogen exchange; and (4) noncovalent interactions. In the case of derivatives of Grubbs second-generation catalysts, anchoring through the NHC ligand might be the most appropriate method. The synthesis of the NHCs is simple and involves functionalization by a support. This NHC moiety is moreover well fixed on the catalyst in com-
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www.eurjic.org parison to the alkylidene part, in the case of the Blechert and Hoveyda catalyst [Ru]-3 and derivatives. The boomerang effect claimed earlier and defined as the release–return mechanism was shown to be unreliable. Indeed, Plenio et al. investigated the recoordination of the alkylidene part at the end of the reaction by fluorescence. The functionalization of this part with a dansyl fluorophore allowed a fluorescence signal corresponding to the decoordination of this moiety from the metal to be monitored, because this signal would be quenched if the fluorophore was close to the metal.[98] The fluorescence signal increased to a maximum until the end of the reaction and then remained at this maximum intensity, which showed that there was no recoordination of the fluorophore to the metal. The recovery of the initial precatalyst in some cases could be due to an excess amount of the precatalyst, as not all of the precatalyst had undergone initiation of the reaction.



Scheme 20. Indication of the possibilities of support anchorage positions on catalyst ligands.



The use of the alkylidene anchor was described by Yinghuai et al. in which the catalyst was supported on magnetic nanoparticles (Scheme 21).[99] This [Ru]-20 catalyst derived from [Ru]-3 was tested in various metathesis reactions; it was recovered by magnetic
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attraction and reused over at least five runs (possibly because of the lack of the boomerang effect, which implies the non-recoordination of the alkylidene at the end of the reaction and consequently the loss of the Ru moiety). The Ru contamination of the crude product was less than 4 ppm [detected by inductively coupled plasma mass spectrometry (ICP-MS)]. This anchoring position could be used especially in the case of ROMP (Scheme 22), in which the alkylidene part becomes the terminal part of the polymer, and this is of interest for easy purification of the targeted compound.[97] For example, Buchmeiser and Fürstner et al. reported the immobilization of a Grubbs-type catalyst on a ROMP-derived monolith.[100] The synthetic concept entailed the manufacture of the monolithic structure by ROMP, its in situ functionalization with norborn-2-ene carboxylic chloride, and reaction with [RuCl2(PCy3)(NHC)(CHPh)] {NHC = 1-(2,4,5-trimethylphenyl)-3-(6-hydroxyhexyl)imidazol-2-ylidene}.[101] The monolithic disk-immobilized catalyst was used in various metathesis-based reactions including RCM, ring-opening CM (ROCM), and enyne metathesis (EYM). Using 0.23–0.59 mol-% of the supported catalyst, TONs up to 330 were achieved, and the metal leaching was reported to be ⬍3 %. In the case of Grubbs third-generation catalysts, two pyridine ligands or two 3-bromopyridine ligands are added to Grubbs second-generation catalyst (see Section 7). Functionalization of third-generation catalysts was also performed by exchange of pyridine or 3-pyridine with a functional pyridine.[102] Silica is also a valuable support for metathesis catalysts, and there are indeed many examples of metathesis catalysts that are immobilized on silica gel.[102–104] A most recent one



Scheme 21. Synthesis of catalyst [Ru]-20 supported on magnetic nanoparticles, a derivative of [Ru]-3. DCC = dicylcohexylcarbodiimide; DMAP = p-dimethylaminopyridine, DMA = dimethylacetamide. Eur. J. Inorg. Chem. 2013, 4881–4908
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Scheme 22. Immobilization of a second-generation Grubbs-type catalyst through a NHC on a monolithic support. Reprinted with permission from ref.[100] Copyright © 2009 American Chemical Society.



reported by Monge-Marcet et al. showed the synthesis of [Ru]-21, a catalysts derived from [Ru]-3, that was immobilized through a bis(silylated) NHC (Scheme 23).[105]



(5)



Scheme 23. [Ru]-21 and [Ru]-22.[105]



This catalyst was then used for the RCM of various substrates that delivered products in very good yields. The study of the recyclability of this catalyst indicated that it could be reused over at least five runs without a significant loss in activity over the first three runs. The recyclability test (four successive runs) for the RCM of A provided the product in 99, 93, 76, and 21 % yield over the four runs, respectively [Equation (5), Ts = para-tolylsulfonyl]. In 2013, the same team reported related catalyst [Ru]-22 that showed high activity and good recyclability (Scheme 23).[106] Eur. J. Inorg. Chem. 2013, 4881–4908



To promote the use of such supported catalysts in industrial processes, investigations were conducted in continuous flow reactors.[107,108] Ying et al. reported the immobilization of a [Ru]-3-type catalyst on nanoporous silica. This catalyst was then used in a circulating flow reactor (Figure 2, a).[107] The recyclability of this catalyst and the amount of Ru leached were examined in RCM (Figure 2, b). The catalyst was reused over at least eight runs with an overall conversion yield of 90 % and a Ru leaching content of around 1.6 ppm after a reaction time of 180 min. Very recently, Kirschring et al. reported the use of two [Ru]-3-type derivatives, [Ru]-23 and [Ru]-24 (Scheme 24, Figure 3), supported on silica through polar interactions and adsorption.[108] The catalyst was used in RCM over four runs and the amount of ruthenium leached was evaluated by ICP-MS at several reaction time intervals. The data showed that the Ru contamination of the crude product was very low (less than 1 ppm after 20 min of reaction). This technique seems to be very valuable toward industrial applications, but the problem of catalyst deactivation remains.
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Figure 2. (a) Scheme of the circulating flow reactor. (b) Recyclability study. Reproduced from ref.[107] with permission of The Royal Society of Chemistry.



Scheme 24. Silica-supported catalysts [Ru]-23 and [Ru]-24 that were used in circulating and continuous flow reactors (see Figure 3).[108]



The use of a supporting ionic liquid phase (SILP) also represents a recycling strategy and an environmentally benign concept for continuous flow reactions. Wasserscheid et al. immobilized Grubbs catalyst in the form of SILP materials and used them in the gas-phase CM of various substrates under very mild conditions.[109] Buchmeiser et al. also used the SILP technology for metathesis under continuous flow. These groups prepared ROMP-derived monoliths[110] with norborn-2-ene, tris(norborn-5-ene-2-ylmethyloxy)methylsilane, and [Ru]-1 in the presence of 2-propanol and toluene and surface-grafted them with norborn-5-en-2-



ylmethyl-N,N,N-trimethylammonium tetrafluoroborate ([NBE-CH2-NMe3][BF4]). Subsequent immobilization of the ionic liquid (IL) 1-butyl-2,3-dimethylimidazolium tetrafluoroborate ([BDMIM][BF4]) containing a new dicationic ruthenium alkylidene catalyst created the SILP catalyst. The use of a second liquid transport phase that contained the substrate and that was immiscible with the IL allowed continuous metathesis reactions to be achieved (Figure 4). TONs up to 3700 were obtained for the RCM of various substrates; under continuous flow, TONs up to 900 were recorded, and catalyst leaching less than 0.1 % was noted.[111] In 2013, Tabari et al. proposed a method to reactivate Ru catalysts after deactivation through a one-pot reactivation procedure by using 1-(3,5-dialkoxyphenyl)-1-phenylprop-2yn-1-ol (Scheme 25).[112] The authors were able to reactivate 43 % of the decomposed catalyst (based on Ru content). The in situ reactivated catalyst [Ru]-25 was then reused in the RCM of diethyl diallylmalonate. The catalyst showed a lower activity than that of the original catalyst possibly as a result of the presence of a catalyst inhibitor in the un-reactivated Ru species.



Figure 3. Circulating (left) and continuous (right) flow reactors.[108] Eur. J. Inorg. Chem. 2013, 4881–4908
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Figure 4. Continuous metathesis under biphasic conditions upon using monolith-supported ILs. Y+X– = [BDMIM][BF4]. Reprinted with permission from ref.[111] Copyright © 2012 Wiley-VCH Verlag GmbH & Co. KGaA.



Scheme 25. Reactivation of a decomposed Ru metathesis catalyst.[112]



Another strategy consisted of using a dendritic nanoreactor (Scheme 26) in water acting as a unimolecular micelle to metathesize water-insoluble organic substrates by using various ruthenium metathesis catalysts. This allowed the amount of olefin metathesis catalyst [Ru]-2 to be lowered to 0.06 % for RCM reactions with recycling of the dendrimer. It is probable that the dendritic nanoreactor inhibits the decomposition of the ruthenium–methylene intermediate by encapsulation, which results in a TON that is approximately 50 times the TON obtained in the same reaction in the absence of the dendrimer.[113] Schrock’s Mo and W catalysts were also made insoluble and were thus easy to eliminate from the products, although only a few authors have addressed this problem owing to the air and moisture sensitivity of the catalyst. An elegant, general, and in-depth strategy was developed by Basset’s group. They used silica as a ligand to anchor early transition-metal catalysts on solid supports by exploiting the robustness of early-transition-metal–oxygen bonds. This group has indeed provided well-defined heterogeneous catalysts for olefin metathesis upon coordinating active metal Eur. J. Inorg. Chem. 2013, 4881–4908



centers (Mo, W, Re) to silica, for which the metal bears ligands that have already proved useful in homogeneous catalysis in addition to silica as an additional ligand.[75] Given that Schrock had turned metathesis-inactive alkylidene early-transition-metal complexes into active catalysts by the introduction of alkoxy groups, Basset used the beneficial role of the related siloxide ligand from silica for his catalysts. The [(SiO)M(=CHtBu)(CH2tBu)2] (M = Mo or W) and [(SiO)Mo(=NH)(=CHtBu)(CH2tBu)][114] catalysts were active at 25 °C, unlike previously reported ill-defined heterogeneous catalysts and the early Mo and W oxides on silica or alumina. The only oxide that had catalyzed olefin metathesis at 25 °C was Re2O7/Al2O3, but it suffered from a low number of active sites, side reactions caused by the acid support, and deactivation of the catalyst.[115] In contrast, Basset’s silica-supported rhenium catalyst [(SiO)Re(CtBu)(=CHtBu)(CH2tBu)] (Scheme 27) catalyzed the metathesis of propene at 25 °C with an initial rate of 0.25 mol mol–1 (Re) s–1. The formation of 3,3-dimethylbutene and 4,4-dimethylpentene in a 3:1 ratio resulted from CM between propene
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Scheme 26. Dendrimer terminated by tetraethyleneglycol groups acting as a nanoreactor for the metathesis of water-insoluble organic substrates.[113]



(OSi700)],[118] dramatically more active in metathesis with their siloxide ligand than their soluble version with the tBuO ligand, although it is difficult to deconvolute the various reasons for increased catalytic activity.



5. Alkyne Metathesis Scheme 27. Example of Basset’s highly active silica-supported alkene metathesis catalysts.[22]



and the neopentylidene ligand, and the ratio of CM products matched the relative stability of the metallacyclobutane intermediates. CM of propene and isobutene and self-metathesis of methyl oleate were also achieved, and the TON reached 900 for the latter reaction, which was unprecedented for heterogeneous and most homogeneous catalysts.[116,117] In addition to the advantage of separating the solid catalyst from the products, Schrock emphasized that another advantage of the support is to minimize bimolecular alkylidene coupling by retaining the metal centers far apart on the solid support. Finally, Basset’s work produced silica-supported Schrock-type metathesis catalysts that are sometimes, as for [Mo(NAr)(CHCMe2R)(OtBu)Eur. J. Inorg. Chem. 2013, 4881–4908



In 1974, Mortreux and Blanchard discovered that alkyne metathesis could be catalyzed by Mo(CO)6 and resorcinol[119] and that it proceeds according to the Chauvin mechanism[21] via a metallacyclobutadiene intermediate.[120] One category of alkyne metathesis catalyst rapidly appeared from Schrock’s research, and that is, the high-valent [X3W⬅CR] species in which R does not play an important role in catalysis itself but instead controls the stability of the complex, the initiation rate of the reaction, and the way in which the catalyst is synthesized, but the anionic ancillary ligands X play a decisive role. Schrock and co-workers pioneered the development of 12-electron metal–alkylidyne complexes, such as the commercial prototype neopentylidyne complex [Me3CC⬅W(OCCMe3)3], [W]-1,[1,4,121–134] that catalyzes ring-closing alkyne metathesis (RCAM) reactions[135] and CM, and this catalysis has also been successfully employed in natural product syntheses (Scheme 28).[136–139] Although this catalyst tolerates many
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more polarized M⬅N bond gives a more positive charge density at the metal center, but poorly donating ancillary ligands destabilize the nitride relative to the alkylidyne ligand in Fürstner’s Mo–nitride alkyne metathesis precatalysts [Mo]-13 and [Mo]-14 (Scheme 30), which are isolobal to Mo–alkylidyne analogues.



Scheme 28.



Recently, Tamm and co-workers synthesized variants of Schrock-type alkylidyne complexes, that is, imidazolin-2iminatotungsten-neopentylidyne complexes such as [W]-2, [Mo]-8, [W]-3, and [Mo]-9 (Scheme 28), in which the imidazolin-2-imide ligands have a strong electron-donating capacity towards the metal center. These complexes display high catalytic activity in a variety of metathesis reactions at ambient temperature with a low catalyst loading. The combination of an electron-donating imido ligand with two electron-withdrawing alkoxide ligands seems to be crucial for creating highly efficient catalyst systems.[142–147] Tungsten-based catalysts are more active in this case than molybdenum ones, which can be rationalized by the higher Lewis acidity of the tungsten catalysts. Several other molybdenum complexes are active in alkyne metathesis, such as [Me3SiCH2C⬅Mo(OAd)3] (Ad = adamantyl), [Mo]-10,[148] developed by Cummins and co-workers; Fürstner’s catalyst [Mo{N(tBu)Ar}3], [Mo]-11 (activated with CH2Cl2 in toluene);[149–151] and [EtC⬅Mo{N(tBu)Ar}3] + p-nitrophenol, [Mo]-12, developed by Zhang and Moore[152–155] (Scheme 29).



Scheme 29.



The [Mo]-12 catalyst requires careful handling under rigorously inert conditions under an argon atmosphere, as this complex is capable of activating many small molecules, including N2.[156] {Note that, remarkably, only Mortreux’s catalytic system [Mo(CO)6 + p-chlorophenol] is robust enough to air/moisture but is applicable almost exclusively to hydrocarbon molecules}.[157] The required absence of N2 in alkyne metathesis with the use of [Mo]-12 is related to the thermodynamic stability of nitride complexes that are generated from such a metal–alkylidyne complex.[158] The Eur. J. Inorg. Chem. 2013, 4881–4908



Scheme 30.



This was confirmed by the slow conversion of a nitride complex bearing fluorinated alkoxides into the corresponding propylidyne complex, a nitrile/alkyne cross-metathesis (NACM) reaction, upon heating the nitride complex in the presence of 3-hexyne.[158–161] Recall that, analogously, at the time of the discovery of olefin metathesis by American industrial chemists, oxygen from air was found to favor olefin metathesis initiated by tungsten inorganic precatalysts, which was much later taken into account by the favorable formation of W=O species (by double oxidative addition of O2) that were converted into W=CH2 species upon reaction with olefins. Thus, alkylidyne triarylsilanolate molybdenum complexes developed by Fürstner’s group (see the synthesis in Scheme 31) are excellent catalysts for various metathesis reactions and, moreover, are tolerant to polar and/or sensitive groups. The silanolates that leave the MoVI center are sufficiently Lewis acidic, which favors substrate binding and ensures low barriers to metallacycle formation.[162] As was the case for alkene catalysts,[59] these alkyne metathesis catalysts are air stable subsequent to protection by 1,10-phenanthroline or 2,2⬘-bipyridine.[163,164] The intermolecular metathesis reaction of alkynes of the general type RC⬅CMe leads to very good results with the precatalysts shown in Schemes 30 and 31 (less than 10 mol% of catalyst was used). Precatalysts such as [Mo]-13, [Mo]15, and [Mo]-16 are activated with MnCl2, and during the metathesis reaction, the use of 5 Å molecular sieves[165,166] is necessary to trap butyne that is formed during the metathesis reaction to displace the equilibrium towards the product. These catalysts are useful in metathesis reactions including alkyne cross-metathesis (ACM), RCAM, acyclic diyne metathesis (ADIMET), and alkyne metathesis polymerization (AMP) and are used in total synthesis. Recent reviews by Fürstner,[167] Tamm and Xu,[144] and Moore and Zhang[168] have focused on alkyne metathesis and applications. These catalysts are used in several total syntheses, and only a few examples are shown below. The total synthesis of hybridalactone was investigated by Fürstner et al., and the two last steps correspond to RCAM with [Mo]-17 (15 mol-%) before hydrogenation of the triple
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Scheme 31. Synthesis of alkylidyne triarylsilanolate molybdenum complexes developed by Fürstner’s group.



bond (Scheme 32).[169,170] The alkyne metathesis step during the total synthesis of cruentaren A was investigated by three



Scheme 32. Two last steps in the total synthesis of hybridalactone. Eur. J. Inorg. Chem. 2013, 4881–4908



research groups. The RCAM was conducted with four common catalysts and good results were obtained (Table 1). Several drawbacks appear even if the complexes are now less sensitive to special groups or are stable in air: (1) The use of anhydrous solvents is imperative because hydrolysis[175,176] is the most serious problem. (2) Dimerization of the complex can occur if the ligands are too small. (3) The use of terminal alkynes can be a limitation in the absence of specific conditions (see below), which leads to deactivation of the catalyst with the formation of deprotiometallacyclobutadienes (DCMs; Scheme 33).[177–184] There are a few examples of terminal alkyne metathesis (TAM) reactions, however. TAM was first reported by Mortreux et al. with the neopentylidyne complex [Me3CC⬅W(OtBu)3], [W]-2, which is able to catalyze TAM of various aliphatic alkynes such as 1-pentyne, 1-hexyne, and 1-heptyne in diethyl ether.[185,186] The reaction is favored by the addition of quinuclidine as an external ligand, and its use leads to 80 % conversion to 6-dodecyne in the case of the TAM of 1-heptyne within 1 min at 80 °C with the catalyst (4 mol-%).[187]
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Table 1. End of the synthesis path to cruentaren A. Alkyne metathesis step: comparison of various Mo and W catalysts.



R[a] TIPS TBDPS TBDPS TBDPS TIPS



X[b] H, ODMB =CHCH2OTHP =CHCH2OTHP =CHCH2OTHP =CHCH2OPMB



Catalyst (mol-%)



T [°C]



[W]-2 (10) [W]-2 (10) [Mo]-11 (10)[d] [Mo]-17 (2) [Mo]-14 (40)



85 80 80 80 110



Yield [%]



Ref.



91 –[c] 87 82 75



[171] [172] [172] [173] [174]



[a] TIPS = triisopropylsilyl, TBDPS = tert-butyldiphenylsilyl. [b] DMB = 3,4-dimethoxybenzyl, THP = tetrahydropyranyl, PMB = pmethoxybenzyl. [c] Only the THP group in the substrate was cleaved. [d] Activated CH2Cl2.



Scheme 33. Formation of DCMs with terminal alkynes in the presence of a donor ligand (Don).



Tamm and co-workers very recently reported the synthesis of the new catalyst [Mo]-19, which permits alkyne metathesis of internal and terminal alkynes. TAM works very well at room temperature in toluene in 1 h with [Mo]-18 (1 mol-%). The reaction was conducted with several terminal alkynes; moreover, RCM of terminal alkynes also works (Scheme 34). The improved catalytic activity of [Mo]-19 for TAM relative to other alkyne metathesis catalysts was taken into ac-



count by (1) the reduced formation of deprotiometallacyclobutadiene complexes as a result of the low basicity of the hexafluoro-tert-butanolato ligand in comparison with the alkoxy or silanolate ligand of classic catalysts; (2) the absence of a donor ligand and coordinating solvent to stabilize the deprotiometallacyclobutadiene, which leads to a highly active catalyst; and (3) high dilution that is highly favorable in suppressing polymerization and/or intermolecular deactivation processes.[188] Alkyne metathesis is strictly orthogonal to alkene metathesis, because none of the commonly used metal alkylidyne catalysts are capable of activating olefins of any kind. The total synthesis of (S,S)-dehydrohomoancepsenolide confirms this orthogonality. Indeed, the first step in the RCM in the presence of [Ru]-1 is compatible with the alkyne group in the molecule (Scheme 35).[189] The other way round, however, the orthogonal character is less strict: alkene metathesis catalysts of the Grubbs and



Scheme 34. Homocoupling of various terminal alkynes. Eur. J. Inorg. Chem. 2013, 4881–4908
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Scheme 35. Combined alkene and alkyne metathesis steps as part of the total synthesis of (S,S)-dehydrohomoancepsenolide.



Schrock types can react with alkynes, as evidenced from a large body of EYM and polymerization chemistry.[190–193] Finally, as for alkene metathesis (see below), the fixation of alkyne metathesis catalysts was developed by Basset and co-workers by using the concept of surface organometallic chemistry (SOMC), whereby an oxide support such as silica serves as an efficient ancillary ligand set for recoverable alkyne metathesis catalysts. Thus, Basset’s group designed inter alia the very efficient catalyst [(Silica-O)Re(CtBu)(=CH-tBu)(CH2tBu)], a rhenium–silica complex containing both alkylidene and alkylidyne ligands, for the fast metathesis of 2-pentyne. Note that the silyloxide ligands from silica in Basset’s catalysts serve as the triarylsilanolate ligands in Fürstner’s complexes to increase the favorable Lewis acidity of the catalytically active metal center discussed above.[22,117]



bonds and α- and β-eliminations (rather than direct σ-bond metathesis of the C–C bonds). The α-elimination from d2 metal–methyl or metal–alkyl species formed HTa=CH2 or HTa=CHR, respectively, and the mechanism was proposed to then follow an alkene metathesis pathway with olefins generated by β-elimination (including metallacyclobutane intermediates as in the Chauvin mechanism, see Scheme 36).[22,194,203]



6. Alkane Metathesis A family of well-defined single-site heterogeneous Ta– and W–alkylidene catalysts containing siloxy ligands that metathesize alkanes were also reported by Basset’s group.[22,194] Butane metathesis was achieved by the Chevron company in the 1970s with the use of the heterogeneous catalyst Pt–Al2O3 at 400 °C.[195] In contrast, Basset’s catalysts resulted from the reactions of silica with Schrock’s high-oxidation-state olefin metathesis catalysts. The siloxy ligand brought by silica played the role of the alkoxy ligands and favored metathesis activity; improved reactivity of the catalyst with the siloxy ligand resulted from the increased metal electrophilic properties relative to those of the alkoxy complexes. In these systems, the metathesis of olefins follows in situ alkane dehydrogenation.[196–203] In particular, Basset et al. noticed that propane and propene gave similar Cn+1/Cn+2 ratios of CM products on silica-supported Ta–neopentylidene catalysts at 150 °C. The complexes [(SiO)xTa(=CHtBu)(CH2tBu)3–x] (x = 1 or 2) catalyzed the metathesis of alkanes into a mixture of higher and lower alkanes at 150 °C, as did the hydride complex [(SiO)xTaH]. For instance, ethane reversibly yielded methane and propane. The mechanism was suggested to proceed by a composite series of σ-bond metathesis reactions of the C–H Eur. J. Inorg. Chem. 2013, 4881–4908



Scheme 36. Alkane metathesis at 150 °C with Basset’s single-site early-transition-metal catalysts containing siloxy ligands and its mechanism. The alkane activation step involves σ-bond metathesis between the M–H bond and an alkane C–H bond.[194]
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www.eurjic.org Multiple activation by a single site and in-depth characterization techniques of surface organometallic species resulted in very efficient, well-controlled, and robust heterogeneous metathesis catalysts for alkanes, alkenes, and alkynes. Goldman and Brookhart also recently directly mimicked the system of the Chevron company[195] by using well-defined homogeneous catalysts for alkane metathesis. The challenge was the compatibility between the alkane dehydrogenation catalyst and the olefin metathesis catalyst operating separately in solution. Successful “tandem” catalytic activation by using homogeneous catalysts for both alkane dehydrogenation and olefin metathesis was thus reported in 2006. The dehydrogenation catalysts are Ir pincer complexes nicely designed and improved by Goldman and further optimized by both research groups, and the olefin metathesis catalyst is a Schrock-type complex such as [Mo(NAr)(=CHCMe2Ph)(ORF6)2] (ORF6 = perfluoroalkoxy group) or a heterogeneous catalyst, Re2O7 on Al2O3. Reactions in neat octane or decane require heating over several days at more than 125 °C to approach alkane metathesis equilibrium, but the reaction is limited by the decomposition of the Mo–alkylidene catalyst.[204–207] More than 40 Mo and W alkylidene catalysts were tested, and the W catalysts outperformed Mo ones; the greatest activity was obtained with the use of [W(NAr)(=CHCMe2Ph)(OSiPh3)2] (Scheme 37). Indeed, as in Basset’s catalyst (see above), the siloxy ligand brings an advantage over the alkoxy ligand, because it presumably reduces the donation of the p electron density to the metal.[58]



7. Polymer Chemistry ROMP is one of the most important olefin metathesis reactions. It is mostly used for norbornene derivatives (high strain cycle: 27.2 kcal mol–1). Other cycloolefins that undergo ROMP are those that are also subjected to release of
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ring strain upon opening, which provides the driving force for the reaction, that is, in particular cyclobutene, cyclopentene, cyclooctene (high strain cycle: 7.4 kcal mol–1), and dicyclopentadiene. Cyclopentene was polymerized by ROMP to trans- and cis-cyclopentenamers for the rubber industry soon after the discovery of olefin metathesis.[208] The ROMP reaction of 2-norbornene catalyzed by RuCl3/HCl in butanol operates in air and gives a trans polymer of molecular weight ⬎3 ⫻ 106 g mol–1 in 90 % yield (Norsorex). The ROMP reaction of endo-dicyclopentadiene (obtained from naphtha crackers) leads to opening of the strained norbornene ring to yield linear polymers. Under certain conditions, however, the cyclopentene double bond also opens to give cross-linking with simple tungsten chloride catalysts, but Grubbs-type ruthenium catalysts allow undesirable odors to be avoided. These polymers are largely used for heavy-vehicle applications. Degussa has been producing Vestenamer 8012 by ROMP of cyclooctene since 1980, a polymer that is useful in blends.[209,210] In recent years, stereocontrol of the monomer units introduced by ROMP with regard to the cis/trans configuration of the exocyclic double bond, the configuration of the allylic bridgehead carbon atoms, and the linkage of unsymmetrically substituted monomers has been addressed.[211,212] For instance, a Schrock-type Mo initiator with hexa(isopropyl)terphenoxide and mono(pyrrolide) ligands allowed cis selectivity in the ROMP of norbornadiene and cyclooctene derivatives, although this initiator suffered from high sensitivity towards moisture and oxygen.[213] Another example is the alternative polymerization of cyclooctene and norbornene that was achieved with Ru initiators on the basis of the different insertion rates of norbornene and cyclooctene that depend on the monomer inserted just before.[214–219] Most advances in polymer materials synthesized by ROMP have involved Ru benzylidene and indenylidene catalysts.[219,220] These ruthenium-based initiators are usually



Scheme 37. Alkane metathesis system designed by the Goldman and Brookhart groups by using compatible Ir dehydrogenation/hydrogenation catalyst together and Schrock’s W olefin metathesis catalyst. Eur. J. Inorg. Chem. 2013, 4881–4908
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www.eurjic.org chosen for ROMP because of their functional group tolerance and their ability to achieve copolymer syntheses.[221,222] For instance, the third-generation Grubbs catalyst [Ru]-26, synthesized from [Ru]-2 and 3-bromopyridine [Equation (6)], and other analogous bis(pyridine) complexes are among the fastest-initiating Ru systems. This fast initiation of [Ru]-26 has proven to be useful in the production of polymers with narrow polydispersity and for the synthesis of block copolymers.[223] Since the discovery of this catalyst, research on ROMP has increased markedly (more than 200 publications in 2009), and thus, only some examples will be described below.
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mers, and emulsifiers,[227] liquid crystals,[228] porous polymers,[229] and self-healing materials.[230]



(7)



(6)



The problem of competing interchain metathesis and backbiting can be circumvented with by performing the ROMP reactions at –20 to –30 °C. Alternatively, the possibility of conducting ROMP reactions more conveniently for both bulky and unencumbered norbornene monomers at room temperature was disclosed by Fogg’s group by using the Ru–isocyanate initiator [Ru]-28 obtained upon reaction of [Ru]-27 with AgNCO [Equation (7)].[224] Highly functionalized polynorbornene homopolymers were synthesized by ROMP, for instance, with radical moieties [2,2,6,6-tetramethylpiperidin-1-yloxyl (TEMPO)] for applications as cathode active materials in organic radical batteries.[225] Random copolymer synthesis allows, for instance, optical sensors to be incorporated.[220] Well-defined block copolymers with narrow size distributions have been reported.[217] End-group functionalization can be implemented by using a carbene-functionalized initiator, a chain-transfer agent during polymerization, or a terminating agent and is a valuable means for combining different polymerization techniques [reversible addition–fragmentation chain transfer (RAFT), atom-transfer radical polymerization (ATRP), etc.].[226] Materials applications include resistant plastics, antifouling coating, thermoplastic elastoEur. J. Inorg. Chem. 2013, 4881–4908



New-generation olefin-metathesis catalysis opens new avenues for future design of sophisticated well-defined block copolymers with specific physical properties. For instance, General Electrics developed poly(norbornene-decaborane) copolymers that act as single sources of carbon nitride and boron carbonitride ceramics. The ROMP reaction was also used to synthesize nanomaterials of biological interest. Recently, Grubbs et al. reported the preparation of drugloaded bivalent-bottle-brush polymers by ROMP.[231] In this work, they used ROMP to assemble a norbornene macromonomer containing two different branches, a PEG chain (for water solubility), and a drug attached to the monomer through a photocleavable linker. The drug was released unmodified, and the release could be controlled. In 2011, the same group developed a different approach for the synthesis of a similar polymer.[232] They first polymerized by ROMP a norbornene containing a PEG chain and a chloride function. After replacing the chloride by azide they used the Sharpless click reaction to attach a doxorubicin moiety containing the same photodegradable linker. The size of the macromonomer is a very important factor in the polymerization process.[233,234] Indeed, in some cases the steric bulk could provoke high polydispersity index values and incomplete polymerization reactions.[235] Recently, functionalizable and biodegradable polymers were synthesized by ROMP, which could also be applied for releasing applications.[236] ROMP has been used for functionalized supports[237] in some cases, as shown in the above example of the ROMP-derived monoliths synthesized by Buchmeiser et al. The latter allows continuous metathesis of various substrates[111] and also the separation of biomolecules.[238,239] Recent reviews on ROMP chemistry have been published by Slugovc et al.,[240] Abdellatif[241] et al., and
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Kilbinger et al.[242] Besides ROMP, polymer materials chemistry has also been developed by using acyclic diene metathesis (ADMET) polymerization that proceeds if the RCM of the terminal diene is sterically inhibited. A unifying view should be highlighted by recalling that the ROMP and ADMET reactions are also connected to RCM and that the reverse reaction of ROMP, cyclodepolymerization, is also known (Scheme 38). The equilibrium between RCM and its reverse reaction, which leads to oligomerization, and the ring-chain equilibria in ROMP were emphasized and analyzed in depth by Monfette and Fogg.[243]



Scheme 40. Example of diyne cyclopolymerization.



Scheme 38. Monfette and Fogg’s scheme of the relationships between ring-closing, ring-opening, and polymerization/depolymerization processes in metathesis reactions initiated by metal–carbene complexes.[243]



Recently, Bunz et al. reviewed the use of both ROMP and ADMET in the synthesis of conjugated polymers[244] that are of great interest for organic electronics. For example, poly(p-phenylene vinylene) (PPV) was synthesized by both ROMP and ADMET (Scheme 39). The synthesis of conjugated polymers was also performed by the reaction of diyne cyclopolymerization (Scheme 40).[245]



The polymerization of alkenes by ADMET[246,247] (Scheme 38) occupies a less important place in current polymer chemistry than the ROMP process, but variations in the monomer structure provide access to a broad range of precisely defined polymers that allows direct correlation of structure–property relationships.[248] The efficiency of this metathesis polymerization was enhanced by the works of Wagener and co-workers. Thus, polyolefins with a perfectly controlled lamellar thickness and thick distribution were synthesized,[249] as were precisely defined primary structures of olefins containing halogens.[250] The ADMET polymerization is a valuable technique for the preparation of sophisticated end-group functionalized polymers in a straightforward fashion. For example, Barner-Kowollik and Meier’s group reported highly orthogonal functionalization of ADMET polymers through photoinduced Diels–Alder reactions for the synthesis of triblock copolymers.[251] The synthesis of defined macromolecular architectures such as diblock copolymers and star-shaped structures by ADMET is also known.[252]



Scheme 39. Synthesis of PPV by two different paths: ADMET and ROMP. Eur. J. Inorg. Chem. 2013, 4881–4908
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Scheme 41. Examples of ADIMET cyclooligomerization developed by Bunz’s group.



Concerning metathesis polymerization of alkynes, ringopening alkyne metathesis polymerization (ROAMP) and acyclic diyne metathesis polymerization (ADIMET) have also been used. ADIMET has been widely employed for the synthesis of poly(aryleneethynylene)s (PAEs) that are remarkable for their electronic and optical properties.[244,253–255] [W]-2 or Mortreux’s catalyst are used for this polymerization, which leads to molecules with higher molecular weights and fewer defects than polymers obtained by Sonogashira C–C coupling.[256,257] Cyclooligomerization[258–266] of dipropynylated arenes has been studied by several groups. Bunz pioneered this chemistry and synthesized several oligomers including a hexagonal cyclooligomer upon linking six 1,3dipropynylated arenes and polymers by ADIMET (Scheme 41).[264,265] For ROAMP, very few examples have been reported because of the lack of catalysts that can initiate controlled metathesis polymerization and also because of the shortage of useful substrates for this reaction. The first example of an effective well-characterized catalytic system for ROAMP was described recently by Nuckolls’s group.[267] The benchstable molybdenum alkylidiyne complex was generated in situ according to Jyothish and Zhang’s report[268] and was subsequently isolated and well characterized. The system of Jyothish and Zhang proved to be very efficient for alkyne homodimerization, RCAM and ACM and avoids undesired polymerization (coming from an associative pathway). After isolation, Nuckoll’s group observed a dimeric complex, catalyst [Mo]-21 (Scheme 42), that is not sensitive to water and is active for ROAMP in the presence of MeOH. Eur. J. Inorg. Chem. 2013, 4881–4908



Scheme 42. Synthesis of the catalyst [Mo]-21, active in ROAMP.



8. Conclusion and Outlook Over the last decade, tremendous progress has been made in the efficiency and recyclability of metathesis reactions. In this microreview, we have emphasized recent trends and challenges concerning catalyst selectivity and metal recovery. The new generations of metathesis catalysts have not only improved the robustness of olefin and alkyne metathesis catalysts, but also provided stereo- and enantioselectivity for olefin metathesis that were not accessible earlier. In the molybdenum–alkylidene catalyst family, this im-



4903



© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



www.eurjic.org provement is related to the discovery of the mono(pyrrolide) complexes, whereas in the ruthenium–benzylidene catalyst family, this improvement is due to the introduction of catalysts containing metal-alkyl bonds with a chelating oxoanionic ligand. A strategy to direct E selective CM was based on thermodynamic control, that is, on the choice of substrates, but it is the design of the relative bulk of the catalyst ligands that dictates kinetic control of Z selectivity. The continuous design of new stereochemical subtleties of ligands will be needed for further improvement in this direction, towards the enantioselective syntheses of chiral organic molecules. Considerable recent improvement in the efficiency and stability of alkyne metathesis catalysts on the basis of fundamental discoveries of a new family of molybdenum–alkylidyne catalysts has already produced an impressive body of applications in the synthesis of complex organic molecules. Finally, alkane metathesis is not only dependent on alkene metathesis catalysts, but also on the delicate compatibility between olefin metathesis and hydrogenation/dehydrogenation catalysts either on the same metal center or different ones. The availability of highly selective catalysts now produces many developments in organic synthesis toward applications in oleochemistry, agrochemicals (insect pheromones, etc.), fragrances, drugs, and pharmacy. Although this microreview has only included key representative examples of applications to organic synthesis, recent reviews have presented more comprehensive treatments in this area.[269–273] The challenge now also involves transfer of the metathesis procedures to industry, which requires the scale-up of the production of pure chemicals at low costs without contamination by metals.
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