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The development of new metallocene-based polymerization catalysts and innovative processes derived thereof still constitutes a challenge for the manufacturing of polyolefinic materials with tailored properties (e.g. particular microstructure or topology, ultra-high molecular weight, high melting transition, and their combinations) for contemporary commercial applications. This personal account summarizes our continuing endeavors to advance the family of industry-relevant stereoselective propylene polymerization catalysts ba-sed on C1symmetric group 4 ansa-metallocenes incorporating multisubstituted fluorenyl-cyclopentadienyl {Cp/Flu} ligands. Within the framework of this project, valuable structural and catalytic data, harvested both for neutral metallocenes and for metallocenium ion-pairs, have been used for rational design of more efficient catalytic systems, reluctant towards side reactions, and for providing new stereoregular value-added polymer materials.

Introduction

In the first half of the 20 th century, the first large-scale commercial polymers were produced either by free radical polymerization (low density polyethylene (LDPE), poly(vinyl chloride), polystyrene, poly(methyl methacrylate)) or polycondensation reactions (polyamides, polyesters, etc.). [START_REF]Metallocene Catalyzed Polymers: Materials, Properties, Processing and Markets[END_REF] These polymerizations afforded materials with none to low crystallinity, and the question of polymerization stereocontrolwhen relevant -was largely disregarded, since even the concept of macromolecules was fairly new at the time. With the discovery of metal-catalyzed olefin polymerization in 1950s by K. Ziegler and G. Natta, the first crystalline polyolefins, namely high-density polyethylene (HDPE) and isotactic polypropylene (iPP), rapidly overwhelmed the plastics markets.

Since the advent of metallocene olefin polymerization catalysis in 1980s, known as "metallocene revolution", this realm has witnessed an impressive growth in subsequent decades. [2] The nowadays well-established direct relationship between polymer properties and structure of the metallocene catalyst has allowed the production of tailor-made, well-defined polymers. The polymerization control of metallocenebased catalytic systems makes possible the design of more complex polyolefin-based materials with enhanced properties. [3] In addition, the solubility of single-site catalysts makes easier their studies using spectroscopic methods. Therefore, metallocene systems are excellent models for studying polymerization active sites and they have unveiled many mechanistic aspects pertaining to main steps of the coordination/insertion polymerization mechanism. So long as metallocene catalysts have revealed a range of unique features (e.g. single-site behavior, exceptional structure tunability, extremely high activity) over conventional (admittedly more cost-advantageous) Ziegler-Natta catalysts, their eventual involvement in industrial processes added a new dimension to the production of commercial polyolefin materials. [START_REF] Tullo | Metallocenes Rise Again[END_REF] Among them, there are such products as commodity high-density polyethylene (HDPE) and iPP, specialty syndiotactic polypropylene (sPP) and high-performance specialty ultra-high molecular weight polyethylene (UHMWPE). [5] Isotactic polypropylene (iPP) is one of the leading and still fast-growing thermoplastic polymers in the world due to its high melting point, high tensile strength, stiffness, reusability and chemical resistance. The superior properties of the commercially metallocene-produced polypropylene (mPP) grades are valuable in certain end-use market segments, especially for high melt strength fibers and injection molded parts. These materials are largely utilized in medical, food, consumer and industrial packaging and automotive applications. [START_REF] Tullo | Metallocenes Rise Again[END_REF] Amongst the great number of industrially relevant metallocene-based polymerization catalysts, [START_REF]Metallocene Catalyzed Polymers: Materials, Properties, Processing and Markets[END_REF], [2] group 4 ansa-metallocenes supported by bridged cyclopentadienyl-fluorenyl ({Cp/Flu}) ligand platforms hold a strikingly unique position. [6] Originally designed by Razavi and Ewen at Fina Oil, this family of single-site metallocene catalysts has proven especially valuable for stereoselective polymerization of -olefins. [7] The high tunability of {Cp/Flu} ligands allows the introduction of various substituents at different positions of the Cp, Flu and bridge moieties, and therefore access to a class of catalysts that can combine high catalytic activity/productivity, excellent control and notably remarkable stereoselectivity in olefin (co)polymerization, essentially of propylene. For instance, in the series of one-carbon bridged systems, Cs-symmetric precatalysts (Scheme 1, I-R2) were shown to produce highly syndiotactic polypropylene ([r] 4 > 75%, where r stands for a racemo diad, i.e. enchainment of two monomer units) under both homogeneous and heterogeneous conditions. Modification of the ligand skeleton in the precatalyst, namely installation of a bulky substituent R 1 (tBu) that imposes an overall C1-symmetry of the metallocene molecule (Scheme 1, II-R 1 -R 2 2 and III-R 1 -R 2 2-R 3 -R [START_REF] Tullo | Metallocenes Rise Again[END_REF] ), resulted in highly isoselective systems for polymerization of propylene ([m] [START_REF] Tullo | Metallocenes Rise Again[END_REF] > 79%, where m stands for a meso diad). The fact that such a simple adjustment of the metal coordination sphere enabled dramatic changes in the stereocontrol mechanism of propylene polymerization has opened up a rich domain of investigations aiming at establishing and rationalizing the structure-activity-properties relationships in these {Cp/Flu} metallocene systems. [8],[9], [10] . While syndiotactic polypropylene (sPP) has found only a relatively small niche on the plastics market, its congener  isotactic polypropylene (iPP)  is one of the landmarks with a global production of more than 50 MT/y. Besides heterogeneous Ziegler-Natta catalytic systems, single-site group 4 metallocene systems in homogeneous or, most preferably, in heterogenized silica-supported forms are also intensively used for the production of iPP and iPP-based olefinic copolymers.

Zirconocenes belonging to the two main families, namely C2-symmetric siliconbridged ansa-bis(indenyl) ({R 1 2Si-(2-Me-4-R 2 -Ind)2} commonly referred to as {SBI} (e.g., rac-{Me2Si-(2-Me-4-Ph-Ind)

2}ZrCl2 ({SBI}-1)),
and [START_REF] Tullo | Metallocenes Rise Again[END_REF] ), respectively, are largely applied in industry for isoselective propylene (co)polymerization. [11] In the early 2000s, we initiated a project with industry aimed at elaborating more efficient catalytic systems for stereoselective polymerization of -olefins based on {Cp/Flu}-type group 4 metallocene complexes. Thus, this account summarizes the results on the design and synthesis of new metallocene catalysts, and their evaluation in propylene polymerization catalysis. Also, a particular emphasis of the work was placed on understanding the role of steric and electronic factors on the global efficiency of metallocene catalysts (in terms of productivity and characteristics of polymer products), investigations of structure, dynamics and stability of active species, as well as determination of crucial kinetic parameters to sketch the overall activation and polymerization mechanism. research interests lie in the organometallic chemistry of oxophilic elements and their use in catalysis for polymer materials engineering and fine chemicals synthesis. He has coauthored 340 international publications and 71 patent families. He is/was a member of several editorial boards (Chem. Eur. J., Curr. Inorg. Chem., Eur. J. Inorg. Chem., Organometallics, Polymers); he is editor of Catalysis Communications since 2012. In 2005, he was elected member of the Institut Universitaire de France. In 2014, he was awarded the Silver CNRS medal and the prix Germaine & André Lequeux from the French Academy of Sciences. Besides, since April 2016, he acts as vice-president in charge of research of the Université de Rennes 1.

C1-symmetric one-carbon-bridged cyclopentadienyl-fluorenyl ({R2C-(Flu)(Cp)} or {Cp/Flu} complexes (Scheme 1, II-R 1 -R 2 2 and III-R 1 -R 2 2-R 3 -R

C1-Symmetric Metallocene Catalysts Incorporating {Cp/Flu} Ligands

Coordination Diversity of Fluorenyl-Based Ligand Platforms

The versatile bonding potential of fluorenyl ligand is obvious from the surprisingly large variety of coordination modes obser-ved in complexes of both transition and p-block metals (Scheme 2). [6a], [12] Those corresponding to type A ( 5 ) and type B ( 3 ) are by far the most common, that is essentially electronic in origin. [12] In particular, the bridgehead carbon accommodating the HOMO orbital is, in general, bound to a metal atom much more strongly than the other fluorenyl atoms. As a consequence, type A coordination often shows a clear tendency to asymmetry, with a metal slippage towards the bridgehead atom, i.e. towards type B  3 coordination and even further towards type D  1 coordination. This suggests that the energy surface of the pathways connecting types A, B and D can be particularly flat. [13] Therefore, minute perturbations, such as steric interactions or solvation effects, may facilitate (reversible)  5 ↔  3 ↔  1 haptotropic rearrangements. This variety of readily available coordination modes in fluorenyl ligands provides opportunities in catalysis to control the coordination sphere and "as-needed" saturation of the metal center, and the overall geometry and reactivity of active species. Also, the whole series of ansa-metallocenes incorporating one-carbon bridged {Cp/Flu} ligand systems has a common structural feature, that is very narrow Cpcent-M-Flucent bite angles. This parameter not only determines the primary coordination sphere of the metal center, but can also greatly affect its electronic properties and, therefore, its reactivity. Scheme 2. Coordination modes of fluorenyl ligands observed in complexes of various metals. [12] 

Ligand Design Concept and Synthesis of Metallocene Complexes

Another crucial feature of this class of catalysts is the remar-kable influence of the distal substituents R 14 in the {Cp/Flu} ligand platform on the catalytic productivity, as well as regio-and stereoselectivity and molecular weight characteristics of the resulting iPP. Thus, a number of modifications were scrutinized:

(1) variation of the bulkiness of the R 1 and R 3 substituents at the Cp ligand, (2) replacement of methyl groups in the reference system III with phenyl or H groups in the R 2 R 2' C bridge, (3) variation of the nature and steric hindrance of the substituents R 4 at the Flu platform.

Nucleophilic addition of cyclopentadienyl-type anions to fulvenes has proven to be the most versatile and efficient route for the synthesis of one-carbon-bridged bis(cyclopentadienyl) and related ligands. [ 14 ] In our studies, a variety of fluorenylcyclopentadienyl type ligands was prepared via this procedure (Scheme 3). [15],[16],[17] In a few cases, when the more sterically crowded fulvenes incorporating R 2 ,R 2' = Ph and R 3 = Me were found reluctant towards nucleophilic addition of the [3,6-tBu2Flu] - anion under a variety of conditions, an alternative protocol was elaborated (Scheme 4). In that case, the use of more electrophilic fulvenes incorporating chloro activating groups in the 4-phenyl positions appeared crucial to achieve selective nucleophilic addition of the fluorenyl anion and allowed their subsequent selective removal via a Pd-catalyzed reductive dechlorination, to eventually yield the diphenylmethylene-bridged pro-ligands. proligands {Ph2C(3,6-tBu2Flu)(3-R 1 -5-MeC5H2)}H2 (SIPr stands for 1,3-bis(2,6diisopropylphenyl)imidazol-2-ylidene).

Ansa-dichlorometallocene complexes were prepared from MCl4 (M = Zr, Hf) and the corresponding ligand dianions, generated in situ via addition of 2 equiv of n-butyllithium to the proligand, using a regular salt metathesis protocol in diethyl ether (Scheme 5). After workup and a recrystallization step, analytically pure dichlorometallocenes could be isolated, generally in good yields. Thus, in the framework of our studies, more than 20 new metallocene complexes were obtained (Scheme 6), which can be sorted into three types differing by the substitution patterns on the fluorenyl fragment: III  3,6-R 4 2; IV  2,7-R 4 2 and V  R 4 2 = octamethyloctahydrodibenzofluorenyl.

Scheme 5. Syntheses of ansa-metallocene complexes (M = Zr, Hf; when relevant (R 2  R 2' ), only one enantiomer is depicted for each diastereomer).

About Structural and Electronic Features of Neutral Metallocene Complexes

Different descriptors have been used in the literature for a better representation of the overall structure, steric hindrance around the metal center and coordination patterns of cyclopentadienyl and related ligand systems in metallocene complexes; this includes notably, as aforementioned, Cp ligand ring slippage from ideal  5 coordination (tentatively estimated as a relative difference in the MC(Cp ring) distances), Cpcent-M-Cp'cent bite angle or, more recently, the percentage of buried volume, %Vbur. [START_REF] Falivene | The SambVca 2.1 software was used to calculate %Vbur and generate steric maps[END_REF] Also, theoretical calculations have been employed on a regular basis, providing valuable information both on their presumed structures in gas-phase or in solution (with an appropriate solution model) and on electronic properties (e.g. Natural Population Analysis (NPA) charges) of metallocene complexes, especially for those complexes whose X-ray diffraction structural data could not be obtained (e.g. III-Ph2-Me or Ph2Si-bridged Si-IV-Ph2-Me).

In the solid state, all zirconocene dichlorides incorporating R2C-bridged {Cp/Flu} ligands exhibited geometrical parameters essentially similar, as described by several other groups. [7b], [8a,b] In most complexes, the coordination mode of the central fivemembered ring of the fluorenyl ligand deviates slightly from  5 towards  3 , as evidenced by the significant differences in the MC(ring) distances (ca. 0.3 Å between the shortest and the A c c e p t e d m a n u s c r i p t Scheme 6. Series of C1-symmetric {Cp/Flu} ansa-metallocene complexes (only one enantiomer is shown). [15],[16],[17] longest bond lengths). This reduced coordination hapticity ( 5  3 ) is apparently maintained in solution, since the 13 C NMR spectroscopic studies revealed particularly upfield chemical shifts for the C9-fluorenyl carbon signals (C 70.377.9 ppm). [19] The Cpcent-Zr-Flucent bite angles in the R2C-bridged metallocene complexes were generally found in a quite narrow range of values (117.8118.7 °) and compare well with the corresponding value in the prototype Me2C-bridged metallocene III-Me2-Me (118.5(3) °). [7b,c] The computed %Vbur data provide a measurement of the space occupied by the ligand in the first coordination sphere of the metal center and steric maps were generated for a selected series of complexes (Scheme 7).

Despite the numerous structural and computational data thus collected, their direct comparison and rationalization still remains a difficult task. A few trends can be drawn for short series of closely related structures, which tentatively could be extended to a larger series of {Cp/Flu} metallocene molecules:

1) Changing the substitution pattern in the Flu ligand from 3,6-tBu2-to 2,7-tBu2-did not affect significantly either %Vbur or NPA charge values within the series III-/IV-PhH-Me; however, introduction of the octamethyloctahydrodibenzofluorenyl platform (V-PhH-Me) significantly modified both parameters.

2) Replacing Zr by Hf in III-PhH-Me resulted in a more electronrich metal center (in terms of NPA charge), whereas such structural features as the Cpcent-Zr-Flucent bite angles and %Vbur were not much affected (as a result of the similar sizes of these metal centers). [START_REF]Ionic radii for six-coordinate metal centers[END_REF] 3) Within the series III-R2-Me, when the bridge substitution pattern R 2 R 2' C was varied as H2C → Me2C → PhHC, mostly the electronic properties of the metal center (NPA charge) were influenced and, only slightly, the first coordination sphere (%Vbur).

4) Installation of a more sterically congested Ph2C-bridge (IV-Ph2-Me vs IV-PhH-Me) reduced the coordination sphere of the metal center (in terms of %Vbur), but the Cpcent-Zr-Flucent bite angle and NPA charge remained almost unchanged.

5) The most drastic effect affecting all the calculated parameters was identified for the metallocene molecule Si-IV-Ph2-Me incorporating a larger silylene-bridge. The larger %Vbur and Cpcent-Zr-Flucent bite angle values are in line with the significant reduction of the coordination sphere, and the smaller NPA charge value is diagnostic of the poorer electron density on the metal center. 
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Polymerization Studies

Isospecific Polymerization of Propylene

Catalytic propylene polymerization experiments, carried out in a uniform manner for a series of {Cp/Flu}MCl2 complexes activated with MAO (Scheme 8), revealed a remarkable influence of substitution patterns of metallocene precatalysts on the global polymerization performance and properties of polymers. [ 21 ] Several trends were specifically drawn, [22] evidencing the flexibility and limits of the polymerization processes with these catalytic systems:

a) In terms of productivity (as expressed in kg of PP ) that belong to the family of C2-symmetric racbis(indenyl) systems. On the other hand, the poorest activity within the whole series was observed for the hafnium-based III-PhH-Me-Hf (0.26 kgPP•mmol 1 •h 1 ), and also for III-PhH-Ph (1.36 kgPP•mmol 1 •h 1 ) and III-Me2-Me (1.71 kgPP•mmol 1 •h 1 ) catalysts. The quite low polymerization activity of the hafnocenebased system is a result of the remarkable propensity of cationic species of the type [{R2C-(Flu)(Cp)}HfMe] + to form inactive "dormant" bimetallic species of the type [{R2C-(Flu)(Cp)}Hf(µ-Me)2AlMe2] + through reaction with trimethylaluminum present in commercial MAO toluene solutions. [23] b) The presence of 5-Me or Et substituents in the Cp ligands have a critical effect for many catalysts, generally resulting in PPs with higher molecular weights. On the other hand, systems lacking these groups, namely III-PhH-Ph and V-Ph2, produced polymers with significantly lower Mn values. An exception to this trend is III-Ph2 that has a similar substitution pattern to that of V-Ph2 but afforded high molecular weight polymers.

c) The stereoregularities of PPs produced with {Cp/Flu}-based catalysts, as expressed in terms of isotactic pentads [m] [START_REF] Tullo | Metallocenes Rise Again[END_REF] , vary over quite a broad range depending on the substitution pattern. For example, the most stereoselective ([m] 4 = 95.296.9 %) appeared to be metallocene systems incorporating a 5-Me Cp substituent, namely, III-H2-Me, III-Me2-Me, III-PhH-Me, and, quite unexpectedly, III-Ph2 having no such substituent. Logically, the PPs obtained with these systems also featured the highest melting transitions (Tm = 152154 °C) within the whole series. The less stereoselective systems were III-PhH-Ph ([m] 4 = 61.4 %) and Si-IV-Ph2-Me ([m] 4 = 31.9 %), also resulting in PPs with low melting transitions (Tm = 104 and 132 °C, respectively). d) Incorporation of a Si-bridge had a negative effect on all the parameters (productivities, molecular weights, stereoregularities and Tm values), as evidenced upon comparing the results obtained with Si-IV-Ph2-Me and its Ph2C-bridged analogue IV-Ph2-Me.

Synthesis of Vinyl End-Capped Isotactic-Enriched Oligopropylenes

Chain transfer reactions are inherent and inevitable elements of polymerization mechanisms that affect the molecular weight, chain-end functionalities and topology of polymers. The predominant modes of chain termination in propylene polymerization are known to be monomolecular -hydride elimination (or bimolecular -hydride transfer to monomer) that give, after primary insertions, vinylidene-terminated chains, and chain-transfer to Me3Al (always present in MAO) that provide saturated aliphatic terminal groups. [24] In the course of our studies, the capability of isoselective C1symmetric zirconocenes III-PhH-R (R = Et, Ph), IV-PhR-Me (R = H, Ph) and V-PhH-R (R = Et, Ph) to produce oligo/polypropylenes bearing unsaturated chain-end groups via -Me elimination was established (Scheme 9). [17] Scheme 9. Propylene oligo/polymerization leading to vinyl end-capped polymers via a -methyl elimination mechanism.

The highest selectivity for generation of vinyl-terminated chains was observed with III-PhH-Ph which has a 5-Ph substituent on the Cp ring. Already at 60 °C, this precursor, activated with MAO, affords isotactic-enriched oligomers with 5366 mol% of vinyl chain-ends (Figure 1). The content of vinyl chain-ends is not much affected by the polymerization temperature up to 100 °C, although, expectedly, lower molecular weight materials isolated as viscous oils were recovered in experiments conducted at 80 and 100 °C. These oligo/polymer materials featured also lower isotacticities ([m] 4 = 4.619.9 %) and, as a result, did show neither melting nor crystallization transitions. These materials can find applications as valuable comonomers (macromers) in copolymerization reactions with ethylene or olefins as well as for the production of long-chain branched polymers with various topologies and unique properties. [25] For example, commercial PP grades usually have relatively low melt strength and strain hardening behavior, which limits their use in applications such as thermoforming, foaming and blow molding. For the improvement of melt properties, such as melt strength and strain hardening behavior, introduction of long chain branches (LCB) by copolymerization with vinyl chain-end terminated iPP macromers appears to be the most efficient method. [26] 

(Co)polymerization of Other Monomers

Targeting complex macromolecular structures that include in the polymer main-chain cyclic units interfaced by methylene groups, [27] we became interested in copolymerization of short, non-conjugated diolefins such as 2-methyl-1,5-hexadiene (MHD) with propylene. The latter copolymerization was achieved with the isoselective metallocene precatalyst V-PhH-Et activated by MAO (Scheme 10). [28] The presence of MHD comonomer revealed a noticeable, slightly detrimental influence on the catalyst productivity of the ansa-zirconocene catalyst systems, which decreased by ca. 2550%. As showcased with system V-PhH-Et/MAO, the amount of MHD incorporated in the copolymers appeared to be proportional to the concentration of monomer initially loaded (Figure 2). The cyclopolymerization of MHD affected the molecular features of the copolymer produced, and the resulting poly(propylene-co-MHD) copolymers featured molecular weights (Mn = 33.344.8 kg•mol 1 ) systematically lower than the corresponding homoPP samples. Detailed 1 H and 13 C NMR spectroscopic analyses of the copolymers evidenced complete cyclopolymerization of MHD with propylene, eventually providing isolated methylene-(1-methyl)-1,3-cyclopentane (MMCP) units (0.641.59 mol%) within the isocactic PP chains ([m] 4 = 92.092.5%); no pendant vinylidene group was observed in any case. It was thus surmised that: (i) after insertion of a vinyl group of MHD, insertion of the MHD vinylidene group is favored over insertion of a propylene molecule; (ii) insertion of a propylene molecule after cycloinsertion of a MHD molecule is favored over possible β-Me elimination from a [Zr]MMCP reactive intermediate. Vinylidene insertion is also stereoselective, as corroborated by 13 C NMR analysis. Also, the copolymerization of higher α-olefins comparable in size with MHD but having no additional polymerizable function, namely 8-trimethylsilyl-1-octene (8-TMSO) and 7-methyl-1,6octadiene (1,6-MOD) proceeded with the III-PhH-Et/MAO system (which has similar reactivity and properties as V-PhH-Et /MAO). The drop of productivity and the amounts of 8-TMSO and 1,6-MOD incorporated were comparable to those observed for polymerization of MHD under similar conditions (i.e. ca. 0.3 mol%). These results were accounted for by the formation of a kind of "dormant" species issued from incorporation of the comonomers, which are poorly prone to propagation. Such sterically congested species could also exhibit a low propensity to undergo termination or chain transfer to aluminum reactions.

The latter phenomenon was also likely at the origin of the poor activity observed for several metallocene catalysts, namely III-Me2-Me, III-PhH-Et and III-PhH-Me, in the homopolymerizetion of the sterically demanding 3-methylbut-1-ene (3MB1) and vinylcyclohexane (VCH) monomers (Scheme 11). [29] Modest productivities up to 15 kg•mol -1 •h -1 were obtained with 3MB1 (toluene, 20 °C), while higher productivities up to 75 kg•mol -1 •h -1 were obtained in the polymerization of VCH. Optimization of the polymerization conditions (Tpol = 70 °C) led to a significant enhancement of the productivities of this catalyst system towards both 3MB1 and VCH, up to 390 and 760 kg•mol - 1 •h -1 , respectively. NMR spectroscopic analyses of a few soluble poly(3MB1)s and poly(VCH)s samples proved them to be isotactic, and a chain-end control was suggested to be the principal stereocontrol mechanism operative for polymerization of these two bulky monomers. The very poor solubility of the thus prepared poly(3MB1)s samples in regular solvents used for SEC (THF, CHCl3, trichlorobenzene), even at high temperature, prevented exhaustive analysis of molecular weights by this technique. An estimation of the Mn values was carried out by 13 C{ 1 H} NMR spectroscopy from integration of the chain-end and main-chain signals, demonstrating that the soluble part of P(3MB1) consists of oligomers with DPn in the range 630. In the polymerization of VCH with III-PhH-Et/MAO, rising the polymerization temperature from 20 to 70 °C resulted in poly(VCH) polymers with molecular weights one order of magnitude lower (Mn = 61.2 vs. 4.8 kg•mol -1 •h -1 ), as anticipated from enhanced -H elimination and transfer processes at higher temperatures. All attempts to study the thermal properties of the poly(3MB1) and poly(VCH) polymers by DSC failed due to decomposition of samples at high temperatures, even under inert atmosphere. 

Origins of Stereoselectivity in Polymerization with C1-Symmetric {Cp/Flu}-ansa-Metallocene Catalysts

Enantiomorphic site control (ESC) via ubiquitous chain migratory insertion has been corroborated as the operative mechanism for C2-symmetric {SBI}-type metallocene catalysts. [ 30 ] In their pioneering contributions, Razavi et al. [7b,c], [31] have suggested that a "chain stationary" insertion (also referred to as "site epimerization") mechanism (Scheme 12), involving monomer insertion only on the more crowded/stereoselective site, followed by site epimerization ("backskip"), operates as the main mechanism of stereocontrol for C1-symmetric {Cp/Flu}-type metallocene catalysts.

Marks et al. [8f] have proposed an alternating mechanism leading to formation of isotactic sequences, which involves both a lesser (sterically open) and a more (sterically crowded) stereoselective sites of the metallocene for monomer insertion. Bercaw et al. have discussed a case in which both abovementioned mechanisms could be functioning simultaneously. [9a,c] A c c e p t e d m a n u s c r i p t Scheme 12. Proposed stereocontrol mechanisms with C1-symmetric metallocene catalysts. [9a,c] In our studies, aimed at rationalizing the mechanism of regio-and stereocontrol of the highly isoselective polymerization of propylene with complexes III-PhH-Me, III-PhH-Ph and V-Me2-Ad [9c] (Scheme 12), theoretical computations were carried out for the first, second and third propylene insertion steps. [32] Scheme 13. Zirconocene precatalysts III-PhH-R (R = Me, Ph) [17] and V-Me2-Ad [9c] used as models in DFT studies.

On the basis of the computational results obtained for systems III-PhH-R (R = Me, Ph) and V-Me2-Ad, the following trends and conclusions were highlighted:

1) Regardless the actual monomer insertion step, primary (1,2-) coordination and insertion of propylene into Zr-C(alkyl) bond are systematically highly selective for all systems, which is evidenced from the corresponding lower activation barriers (typically by 3-11 kcal•mol -1 ) than those calculated for secondary (2,1-) insertions.

This appears to be driven in part by steric considerations, and higher thermodynamic stability of the Zrpolymeryl products resulting from the 1,2-insertions.

2) The very first propylene insertion into Zr-Me bond is not stereoselective; stereoselectivity control over monomer insertion for the C1-symmetric systems comes out from the second insertion step, that is propylene insertion in the Zr-C(iBu) bond. Computational results also evidenced that, after the primary (si) insertion on the more stereoselective site (Scheme 12), the resulting sterically-congested product with the propagating polymer chain initially residing on the crowded site should rearrange via epimerization (Scheme 14) to a less sterically congested, more stable (by ca. 4 or 12.7 kcal•mol -1 for III-PhH-Me and V-Me2-Ad, respectively) anti isomer. This sequence of insertion-epimerization steps leads to the formation of iPP by a chain "stationary" insertion mechanism. Scheme 14. Epimerization ("backskip") process for C1-symmetric {Cp/Flu} metallocene catalysts.

3) For III-PhH-Ph, the computed data were also in complete agreement with the epimerization mechanism; however, the smaller energy difference between the barriers of misinsertion and stereoselective primary (si) insertion (H  = 3.1 kcal•mol -1 ) suggested a lesser stereoselectivity of that system. Also, the higher propylene (pr-si) insertion barrier calculated for III-PhH-Ph (H  = 1.5 kcal•mol -1 ) accounted for the observed lower polymerization activity as compared to many other systems (Scheme 8). 4) The validity of the "chain stationary" insertion mechanism (i.e., site epimerization by "backskip") for isoselective C1-symmetric {Cp/Flu}-type metallocenes used in our studies was demonstrated. At the same time, the aforementioned alternative, yet less stereoselective alternating mechanism of stereocontrol can be operational. The steric bulkiness imposed by the 3-Cp substituent (i.e., 2-methyl-2-adamantyl in V-Me2-Ad vs tBu in III-PhH-Me) was shown to be beneficial for the suppression of this alternative mechanism. On the other hand, introduction of a bulkier group (Ph vs Me) into the 5-Cp position facilitated the alternating mechanism, eventually affording a less stereoselective catalyst.

5) The thermochemical data obtained through the computational study were used to predict microstructures of PPs using threeparameter statistical models for the {Cp/Flu}-type metallocene systems. The calculated meso/rac pentad distributions were found in good agreement with those determined experimentally for iPP samples obtained at different polymerization temperatures.

Studies on the Nature and Quantification of Active Sites in Metallocene Polymerization Catalysis

Structure and Solution Dynamics of Metallocenium Ionic Complexes

It is well known that the efficiency and stability of a catalytic system crucially depends on precatalyst activation protocols for generating ionic species responsible for polymerization. [ 33 ], [ 34 ] Combinations of group 4 metal precursors Cp2MX2 (L = ligand, X = Me, Cl) with methylaluminoxane (MAO) give rise to complex reaction mixtures, generally consisting of diamagnetic M(IV) products of the type 15 (Scheme 15) with different electropositivity of the metal center and cation-anion separation with different extents, i.e., inner-sphere (ISIP) vs outer-sphere (OSIP) ion-pairs. In some cases, concomitant formation of paramagnetic M(III) species during activation of some dichlorometallocenes (M = Ti, Zr) with MAO (or "AlMe3-depleted" MMAO) has been detected by ESR spectroscopy. [35] The speciation from these reaction mixtures depends, in principle, on such parameters as nature of metal precatalyst, [MAO]/[M] ratio, composition of MAO, nature of solvent, duration of activation ("aging"), etc. Among the resulting species formed, ISIP species 4 are believed to be the immediate precursors of the "true" polymerization catalyst [Cp2ZrMe(B)] + , the OSIP species 5, which forms through a reorganization or expulsion of the [Me-MAO]  anion from the inner to the outer coordination sphere. On the other hand, the OSIP AlMe3-adduct 3 is the dominant component of this milieu and is often considered as a "dormant" species, [36] acting as the reservoir of both 4 and 5.

Scheme 15. Putative Zr(IV) intermediates and products (15) that form upon activation of zirconocenes with MAO.

In our studies, we investigated the role of activation conditions of metallocene catalysts, as well as ion-pairing effects and anion dynamics in the metal coordination sphere for developing more efficient (in terms of productivity, stability, stereoselectivity and PP properties) catalytic combinations and more effective activation protocols. In particular, we aimed at understanding the so-far misunderstood origin of the much different productivity and possible different behavior between isoselective {SBI}-and {Cp/Flu}-type propylene polymerization precatalysts (Scheme 8). As a matter of fact, the former catalysts (e.g. {SBI}-1) are typically one order of magnitude more productive than the latter systems, both under homogeneous, but also under heterogeneous (supported, slurry) conditions, still providing the same level of stereocontrol.

For these studies, a series of discrete stable metallocenium ion-pairs, presumed to be structurally similar to those derived from MAO, was obtained by treatment of the parent neutral dialkyl metallocenes with appropriate molecular activators (Scheme 16), including highly electrophilic boranes and alanes, E(C6F5)3 (E = B, Al), and borate salts of the type [R] + [B(C6F5)4]  (R = Ph3C, HNMe2Ph). [37], [38] The solution structures of the ion-pairs were studied by multinuclear ( 1 H, 11 B, 13 C and 19 F) and 2D (HETCORR, NOESY, HOESY and EXSY) NMR spectroscopy in toluene-d8 (or toluene-d8/o-difluorobenzene mixtures). 1). The alane-based ion-pair (III-PhH-Et)-MeAl(C6F5)3 did not exhibit any visible exchange in toluene-d8, even at elevated temperatures (> 60 °C) at which significant decomposition started. [37] Scheme 18. Predominant site-epimerization processes observed for the {Cp/Flu} ISIP (III-PhH-Et)-MeB(C6F5)3. [37] In contrast with the {Cp/Flu} systems, both types of exchange processes were found operational for the {SBI}-type ion-pair ({SBI}-1)-MeB(C6F5)3 (Scheme 19). For the alane-based analogue ({SBI}-1)-MeAl(C6F5)3, the exchange processes were two orders of magnitude slower than those observed with the borane congener. ). [37] Table 1. Selected EXSY-derived apparent rate constants and activation parameters for exchange processes in ionic complexes. a,[37] a Determined by  was investigated by 1 H 1 H EXSY spectroscopy at variable temperatures in toluene-d8/o-F2benzene solutions. The EXSY NMR spectra recorded for these two systems with AlMe3 revealed rapid exchange between the methyl groups of "free" AlMe3 (Me 3 ) and those of the terminal Al(Me 2 )2 moieties (Scheme 20). The fact that the rates of this exchange process for both systems [(III-PhH-Et)(AlMe3)] + [B(C6F5)4]  and [({SBI}-1)(AlMe3)] + [B(C6F5)4]  were found at least one order of magnitude higher than those for the exchange between "free" AlMe3 and the bridging-methyl Zr(Me 1 )2Al groups (Table 1) 20), respectively. The two other exchange processes, namely the bridging-Me 1 /Al(Me 3 )3 exchange and the bridging-Me 1 /terminal-Me 2 groups exchange, were also observed for both ion-pairs; they proceeded, however, with much lower rates than those observed for the predominant terminal Me 2 /Al(Me 3 )3 groups exchange. [37] Overall, the various data obtained for these ion-pairs (Table 1) allowed us to draw the following conclusions: a) the different exchange processes established for ion-pairs are systematically faster in case of the {SBI}-based systems as compared to those observed for the {Cp/Flu}-based congeners. These exchange phenomena patterns may be paralleled with the much higher catalytic productivities generally observed for {SBI}based metallocene systems in olefin polymerization processes as compared to those of their {Cp/Flu}-based congeners. We surmised that the high rates of reorganization of different {SBI}type species implying rearrangement of the counter-anion and/or AlMe3 ligands in the coordination sphere of zirconium may induce larger amounts of active initiating species. b) the experimentally determined (UV/Vis spectroscopy, Figure 4a) absorption bands max and the corresponding TD-DFT calculated LMCT transitions (Figure 4b) were well in line with the higher electrophilicity of the {Cp-Flu} species as compared to the related {SBI}-congeners. 

Complex k app b [M 1 •s 1 ] H  [kcal•mol 1 ] S  [cal•mol 1 • K 1 ] G  298 [kcal•mol 1 ]

Kinetic Studies and Activation Efficiency

In order to evaluate the ability of systems based on {SBI}-and {Cp/Flu}-type zirconocene complexes in generating the active form(s) of catalyst, kinetic investigations were conducted via determination of the propagation rate constants, the apparent kp 0 and the specific kp, and the fraction of active species formed  * . [ 39 ], [ 40 ] For these studies, a kinetic method developed by Bochmann et al. [41] was used, which is based on determination of the time dependence of monomer conversion (Figure 5) and Mn of polymer in polymerization of 1-hexene. Also, the influence of aging conditions on activity was investigated (Table 2).

For the {SBI}-1/MAO system, no significant influence of the aging conditions on activity was observed; the propagation rate constants kp 0 calculated at 2 and 60 min of aging were very close. Also, the amount of active sites as well as molecular weight characteristics remained constant throughout this time period. Interestingly, for (III-Me2-Me) and (III-Ph-Et), the apparent propagation rate constants (kp 0 = 0.52(6) and 0.47(5) L•mol 1 •s 1 , respectively) calculated at the early stages of polymerization are comparable or very close to those obtained for the {SBI}-based counterpart. However, the specific propagation rate constants (kp = 8.2(7) and 52(8) L•mol 1 •s 1 , respectively) were found to be one order of magnitude higher, which returned quite poor activation efficiency for both systems ( * = 0.06(2) and 0.009(2), respectively). Yet, the overall activities of these systems rapidly decreased over time: no further monomer conversion was observed after ca. 0.5 and 8 h, respectively. For (III-Me2-Me), when both aging and polymerization were performed at 60 °C, 1hexene was fully consumed and concomitant formation of 2hexene (by 1-hexene isomerization) was evidenced by 1 H NMR spectroscopy. This side reaction also occurred at 30 °C but to a lesser extent (ca. 10% of 2-hexene formed after 6 h).

For (III-PhH-Et), the same isomerization reaction took place at 60 °C giving only 10% of 2-hexene after 6 h, while no isomerization was observed for (IV-Ph2-Me). The latter (IV-Ph2-Me)/MAO system followed perfect first-order kinetics under these conditions, leading to full conversion of 1-hexene after 6 h, and yielded the highest kp 0 and kp values within the whole series (16 (5) and 131(42) L•mol 1 •s 1 , respectively). Very similar results (in terms of kinetics) were obtained with a close analogue, complex (IV-PhH-Me) incorporating only a single phenyl group in the PhHC-bridge. Overview of kinetic monitoring experiments of 1-hexene polymerization with different zirconocene/MAO systems (Table 2); reaction conditions: Taging = Tpolym = 30 °C; [Zr]tot = 0.20 mM; [1-hexene]0 = 1.6 M in toluene (6.73 g, 80.5 mmol); [MAO]/[Zr]tot = 1000. [40] Table 2. Values of kp 0 , kp (in L•mol 1 •s 1 ),  * , Mn (in kDa) and Đm for different zirconocene/MAO systems. [40] 

Precatalyst

Aging Remarkably, upon decreasing the aging time from 60 to 10 and 2 min, a significant decrease of activity (as reflected by the kp values) was observed for the three {Cp/Flu}-type catalysts (Table 2); the trend was more pronounced for the (III-Me2-Me)/MAO system. For the three systems, the fraction of active sites determined at shorter aging time was found systematically higher, thus suggesting degradation of active sites to a significant extent (especially for (III-Me2-Me)) over time during the aging period in the absence of monomer. Yet, additional experiments evidenced that 1-hexene polymerization catalyzed by the {Cp/Flu}-type zirconocene complexes could be reactivated by introduction of dihydrogen as chain-transfer agent, and also of ethylene, a smaller, much more reactive monomer.

The intrinsic differences between the {SBI}-and {Cp/Flu}type zirconocene polymerization systems, showcasing dissimilar propensities towards deactivation, were investigated by analyzing high-resolution 13 C NMR data obtained for the corresponding poly(propylene-co-ethylene) samples. The formation of "dormant" Zrsec-alkyl species by 2,1-misinsertion of the -olefin appeared to have a critical role for deactivation process. The corresponding species in the case of the {SBI}-based systems are still reactive and can either further propagate or regenerate an active hydrido species upon -H elimination. On the other hand, for the {Cp/Flu}based systems, the Zrsec-alkyl species, although being much less frequent than for the {SBI}-based systems (0.02 vs 0.36 mol%, respectively), appeared to be exceptionally reluctant to further propagation. Thus, overall, the kinetic data obtained in these studies indicated just a slightly inferior activation efficiency for {Cp/Flu}type precatalysts (1-12%) as for the overall more productive {SBI}-type precatalysts (418%) under identical conditions. Noteworthy, the propagation rate constants kp for 1-hexene polymerization reactions catalyzed by {Cp/Flu}-based systems are at least one order larger than those for the {SBI}-type catalysts. However, the {Cp/Flu} systems appear to undergo infrequent but irreversible deactivation by 2,1-misinsertion of the -olefin, while {SBI} systems are not impacted (in terms of propagation) by these misinsertions, although they are more frequent.

Summary

Despite the apparent maturity and important industrial accomplishments of metallocene polymerization catalysis, it still remains challenges in this field to develop ever more efficient catalysts and to produce polyolefinic materials with predefined and tailored properties for ever evolving and always more demanding commercial applications. In order to address these demands timely, the development of new metallocene-based polymerization systems and innovative processes is still being pursued.

In this account, we reported on our continuing endeavors to ameliorate an ubiquitous family of isoselective propylene polymerization catalysts based on C1-symmetric group 4 ansametallocenes incorporating multi-substituted {Cp/Flu} ligands. Much structural information was collected for neutral metallocenes, including many new ones, as well as rare solution dynamics and reorganization mechanisms for the derived thereof metallocenium ion-pairs.

Overall, it appears that the polymerization activity of catalytic systems can be correlated to the higher stability of the active species generated. The latter is determined by numerous independent factors, including sensitiveness of cations toward various deactivation processes, metallocenium-anion ion-pairing strength, and propensity of the given ionic intermediates to interact e.g. with aluminum alkyls. Kinetic studies, applied for investigating the activation mechanism, allowed us to evaluate the activation efficiency of the {Cp/Flu}-type metallocene systems, revealing their unexpected apparent superiority over the {SBI}type analogues in terms of intrinsic propagation rates. However, monomer 2,1-misinsertions, resulting in decay of active sites via formation of dormant Msec-alkyl species, were evidenced. Most importantly, these seem to be exceptionally deleterious for the {Cp/Flu}-based catalysts, in contrast to {SBI}-type analogues. Yet, the dormant Msec-alkyl species resulting from these 2,1misinsertions can be efficiently reactivated by introduction of small molecules (H2 or ethylene), affording a simple "solution" easy to implement on the industrial scale. 
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 34 Scheme 3. General synthesis of fulvenes and proligands {Cp/Flu}H2.
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 1 Figure 1. 1 H NMR spectra (500 MHz, 100 °C, C2D2Cl4) of vinyl end-capped oligopropylenes obtained with zirconocene/MAO systems in toluene: (a) III-

  Scheme 8. Selected propylene polymerization data obtained for {Cp/Flu}MCl2/MAO systems and the reference {SBI}-1/MAO under homogeneous conditions (solvent: toluene, 60 °C, [MAO]/[M]0 = 4,0006,000, polymerization time: 30 min).[15],[16],[17] 
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 2 Figure2. Plot of MHD incorporated in PP as a function of initial loading, with catalyst system V-PhH-Et/MAO.[Error! Bookmark not defined.] 

Scheme 11 .

 11 Scheme 11. P(3MB1) and P(VCH) homopolymers obtained with III-Me2-Me/, III-PhH-Et/ and III-PhH-Me/MAO.

  The DOSY PGSE-derived hydrodynamic radii for the innersphere ion-pairs (ISIP) (III-PhH-Et)-MeE(C6F5)3 and ({SBI}-1)-MeE(C6F5)3 incorporating MeB(C6F5)3  or MeAl(C6F5)3  anions measured at different concentrations, and the aggregation number values calculated therefrom, were all consistent with monomeric associated structures in solution. The molecular solid-state structures of the zwitterionic (III-PhH-Et)-ray crystallography and found consistent with the solution structures, in which the MeE(C6F5)3  anions are bound to the metal center (in case of (III-PhH-Et)-MeB(C6F5)3, via the open face of the metallocenium cation).

  Scheme 16. Generation of ion-pairs (ISIP and OSIP) by reactions of dimethyl-zirconocenes with one equiv of E(C6F5)3 (E = B, Al), [PhNMe2H] + [B(C6F5)4]  and [Ph3C] + [B(C6F5)4]  .[37] 

   in toluene-d8/o-F2-benzene mixtures suggested that both species are higher aggregates. Heterobimetallic ion-pairs of the type [{LX}2M(R)AlR2] + [A]  (where {LX}2M = group 4 metallocene-type core; R = alkyl; [A]  = counteranion such as ["MeMAO"]  , [B(C6F5)4]  , etc) are recognized as "dormant" species and precursors of chain-transfer in polymerization. In order to mimic the formation of heterobimetallic species, the reactivity of ion-pairs towards AlMe3 was investigated. Treatment with excess AlMe3 of complexes [III-PhH-Et] + [B(C6F5)4]  and [{SBI}-1] + [B(C6F5)4]  , generated in situ from the parent dimethyl precursors and 1 equiv of [Ph3C] + [B(C6F5)4]  in a toluene-d8/o-F2-benzene mixture at room temperature, resulted in the immediate and clean formation of the deep-blue and deep-red cationic heterobimetallic adducts [(III-PhH-Et)(AlMe3)] + [B(C6F5)4]  and [({SBI}-1) (AlMe3)] + [B(C6F5)4]  , respectively (Scheme 17). Solution NMR spectroscopic data, acquired immediately on freshly prepared samples of [(III-PhH-Et)(AlMe3)] + [B(C6F5)4]  and [({SBI}-1)(AlMe3)] + [B(C6F5)4]  , were indicative of C1 and an average C2 symmetry, respectively. The DOSY NMR spectroscopy-derived translation diffusion coefficients, hydrodynamic radii and the aggregation number values calculated therefrom were all consistent with the monomeric nature of these ionic complexes in solution. While attempts to grow crystals of [(III-PhH-Et)(AlMe3)] + [B(C6F5)4]  failed, red single crystals of its analogue [({SBI}-1)(AlMe3)] + [B(C6F5)4]  were readily obtained. The X-ray diffraction studies revealed that two different species cocrystallize together as 1:1 mixed crystals of the expected heterobimetallic complex [({SBI}-1)(AlMe3)] + [B(C6F5)4]  and the monocationic heterotrimetallic methylidene species [({SBI}-1)((-CH2)Al2Me4)] + [B(C6F5)4]  •(o-F2-benzene)2 (Figure 3). The latter complex was surmised to be the product of a CH activation process involving one of the two Zr(-Me)2Al bridging-methyl groups in [({SBI}-1)(AlMe3)] + [B(C6F5)4]  and an additional AlMe3 molecule, implying concomitant release of a molecule of CH4. To get a better insight in the dynamic behavior of the metallocenium ion-pairs (III-PhH-Et)-MeE(C6F5)3 and ({SBI}-1)-MeE(C6F5)3 (E = B, Al), the EXSY component of the 1 H 1 H NOESY spectra was studied in the temperature range 545 °C. Two mechanisms of reorganization/exchange (site epimerizetion) were identified: lateral side-anion exchange (AE) of the entire MeB(C6F5)3  anion, and neutral B(C6F5)3 coactivator exchange (CE) between the ZrMe groups. For (III-PhH-Et)-MeB(C6F5)3, the exchange involved predominantly a process of ion-pair reorganization via lateral side exchange of the MeB(C6F5)3  anion between the two isomeric forms (Scheme 18; Table

Figure 3 .

 3 Figure 3. Molecular structures of: (a) [rac-{Me2Si-(2-Me-4-Ph-Ind)2}Zr(-Me)2AlMe2] + ([({SBI}-1)(AlMe3)] + ); (b) [rac-{Me2Si-(2-Me-4-Ph-Ind)2}Zr(-CH2)(-Me)AlMe(-Me)(AlMe2)2] + ([({SBI}-1)((-CH2)Al2Me4)] + ) (all hydrogen atoms, [B(C6F5)4]  anions and molecules of o-F2-benzene are omitted for clarity).

  Scheme 19. Site-epimerization processes observed for the {SBI} ISIP ({SBI}-1)-MeE(C6F5)3 (E = B, Al).[37] 

1 H 1 H

 11 EXSY NMR spectroscopy in toluene-d8/o-F2-benzene (8:2 v/v) solutions, [Zr]0 = 1028 mM. b Rate constants are given at 298 K. c [Al]0 = 55.082.0 mM. The dynamic behavior of freshly prepared samples of AlMe3-adducts [(III-PhH-Et)(AlMe3)] + [B(C6F5)4]  and [

  discarded a dissociative mechanism involving reformation of the "naked" ion-pairs [III-PhH-Et] + [B(C6F5)4]  and [{SBI}-1] + [B(C6F5)4]  and "free" AlMe3. Moreover, the fact that the initially observed magnetization exchange constants k obs 1 and k obs 1 for both systems (k app = k obs 1/[AlMe3] = k obs 1/[Zr]) depended on the AlMe3 concentration (provided the monomer/dimer equilibrium for AlMe3 is very rapidly maintained on the time scale of the methyl group exchange) suggested that the ratedetermining step is the formation of heterotrimetallic intermediates •(AlMe3)2) through reversible binding of another molecule of AlMe3 with [(III-PhH-Et)(AlMe3)] + [B(C6F5)4]  and [({SBI}-1)(AlMe3)] + [B(C6F5)4]  (Scheme

  Scheme 20. Terminal-Me/AlMe3 groups exchange process observed in metallocene AlMe3-adducts [(III-PhH-Et)(AlMe3)] + [B(C6F5)4]  and [({SBI}-1)(AlMe3)] + [B(C6F5)4]  .[37] 

Figure 4 .

 4 Figure 4. (a) Selected UV/Vis spectroscopic data for complexes (III-PhH-Et)-MeE(C6F5)3 and ({SBI}-1)-MeE(C6F5)3 (E = B, Al), [(III-PhH-Et)(AlMe3)] + [B(C6F5)4]  and [({SBI}-1)(AlMe3)] + [B(C6F5)4]  (0.50.6 mM in toluene); (b) Relevant frontier molecular orbitals of the optimized complexes [(III-PhH-Et)(AlMe3)] + [B(C6F5)4]  and [({SBI}-1)(AlMe3)] + [B(C6F5)4]  corresponding to maximal absorption bands max in UV-Visible spectra.[37a] 

Figure 5 .

 5 Figure 5.Overview of kinetic monitoring experiments of 1-hexene polymerization with different zirconocene/MAO systems (Table2); reaction conditions: Taging = Tpolym = 30 °C; [Zr]tot = 0.20 mM; [1-hexene]0 = 1.6 M in toluene (6.73 g, 80.5 mmol); [MAO]/[Zr]tot = 1000.[40] 
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