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Abstract

:

Even after several decades of intense research, mechanistic studies of olefin polymerization by early transition metal catalysts continue to reveal unexpected elementary reaction steps. In this mini-review, the recent discovery of two unprecedented chain termination processes is summarized: chain transfer to solvent (CTS) and chain transfer to monomer (CTM), leading to benzyl/tolyl and allyl type chain ends, respectively. Although similar transfer reactions are well-known in radical polymerization, only very recently they have been observed also in olefin insertion polymerization catalysis. In the latter context, these processes were first identified in Ti-catalyzed propene and ethene polymerization; more recently, CTS was also reported in Sc-catalyzed styrene polymerization. In the Ti case, these processes represent a unique combination of insertion polymerization, organic radical chemistry and reactivity of a M(IV)/M(III) redox couple. In the Sc case, CTS occurs via a σ-bond metathesis reactivity, and it is associated with a significant boost of catalytic activity and/or with tuning of polystyrene molecular weight and tacticity. The mechanistic studies that led to the understanding of these chain transfer reactions are summarized, highlighting their relevance in olefin polymerization catalysis and beyond.
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1. Introduction


Starting with the pioneering work by Cossee and Arlman in the 1960s [1,2], mechanistic studies of olefin polymerization catalysis have unveiled an intricate series of chain initiation, propagation and termination processes presiding over polymer formation. An in-depth understanding of these elementary steps is essential to rationalize the factors determining polymer microstructure, thereby opening avenues for rational tuning [3,4,5]. Molecular catalysts, typically based on group IV metal complexes, have played a crucial role in this respect. Initially, owing to their well-defined single center nature, they represented suitable molecular models for understanding the reactivity and selectivity of heterogeneous Ziegler-Natta systems [3,4,5,6,7,8,9]. More recently, the identification of structure/property correlations for molecular catalysts has drawn even more interest [10,11,12,13,14,15], due to the increasing importance of these systems for the industrial production of performance polymers [16,17].



When considering the polymerization mechanism, chain termination events are often regarded simply as side reactions to chain growth, even though they are actually very important in at least two aspects. First, controlling the reaction rate of chain termination over propagation allows polymer molecular weight tuning, determining important macroscopic properties like melt viscosity and glass transition temperature [18,19,20]. Second, the type of chain termination reaction determines the nature of chain ends (both ‘heads’ and ‘tails’, vide infra), which can affect macroscopic properties [21,22] and can be utilized to introduce functional end-groups. In the common case of ethene and simple α-olefins like propene, functional end groups are typically limited to unsaturated C=C bonds, which can be exploited for the production of olefin macro-monomers [23], or undergo chemical transformations to serve, for instance, as junctions in the synthesis of block copolymers [24,25].



Unsaturated chain ends are typically produced via β-H elimination (BHE) [5], β-H transfer to the monomer (BHTM) [26,27,28] and, more rarely, β-methyl elimination (BME) [29,30], as depicted in Scheme 1 for the representative case of propene polymerization. Saturated chain ends, instead, usually derive from chain transfer to a main group metal cocatalyst (e.g., Al and Zn alkyls) [31,32] or reaction with molecular hydrogen (Scheme 1) [33,34]; additionally, they can derive from chain reinitiation via monomer insertion into metal-hydride and metal-alkyl species, generated after BHE/hydrogenolysis and BHTM/BME/chain transfer to the cocatalyst, respectively [5]. These chain termination mechanisms and their correlations with polymer microstructure have been extensively studied, and are discussed in depth in a number of reviews [3,4,5,8].



In the last few years, however, our groups have identified an unusual termination route, namely homolytic chain transfer to solvent (CTS), which leads to atypical benzyl-terminated polymer chains when propene polymerization is carried out in toluene with certain Ti catalysts (Scheme 2A) [35,36,37,38]. Additionally, an analogous chain transfer to monomer (CTM) process was observed, generating allyl chain ends (Scheme 2B) similar to those obtained via BME (Scheme 1) [38]. Very recently, CTS via σ-bond metathesis has been observed also in styrene polymerization by the groups of Cui, Zhao and Li, who detected tolyl chain ends in the polymer samples produced with Sc catalysts in toluene (Scheme 2C) [39,40]. It should be noted that similar CTS and CTM are rather common in radical polymerization [41,42,43,44,45,46,47], while they had never been observed before for transition metal catalyzed olefin insertion polymerization.



In this account, we summarize the efforts to elucidate the mechanisms of these novel and unconventional chain termination reactions by combining polymerization experiments, spectroscopic studies and density functional theory (DFT) modeling. The results are put into perspective, highlighting connections with catalyst regioselectivity and thermal stability, and with other known but less common chain transfer processes. Furthermore, the potential relevance of this reactivity for the production of functionalized polymers, as well as for small molecule activation and synthesis of metal allyl complexes, is discussed.




2. CTS and CTM in Ti-Catalyzed Propene Polymerization


2.1. First Observation and General Considerations


The first observation of CTS [35] was reported in 2016 for Cp-phosphinimide Ti catalysts of the type introduced by Stephan and coworkers (1′-R and 1-R in Figure 1) [48]. When tested in propene polymerization at moderate (80 °C) to high (110 °C) polymerization temperature, these complexes produce polymer chains with sizable amounts of benzyl chain ends, which can be clearly identified by 1H NMR polymer microstructural characterization (Figure 2). For the representative catalyst 1′-Ph, between 12% and 32% of total chains are found to be benzylated, when polymerization is conducted at both low (0.3 bar) and moderately high (3.0 bar) monomer pressure.



Small amounts of benzyl chain ends are usually obtained when dibenzyl precatalysts are exploited, since the first monomer insertion occurs in the cationic monobenzylated active species. However, typical dichloride precursors were used in the aforementioned experiments; the only source of benzyl groups was the toluene solvent [35]. Solvent activation by highly reactive group IV cationic complexes is not unusual, but is generally associated with catalyst deactivation [49,50]. Here instead, C–H activation lead to solvent incorporation as polymer chain head, without killing the active species. Furthermore, up to seven benzyl terminated polymer chains are produced per metal center, assuming 100% active sites; this number increases significantly when considering a more reasonable fraction of 5–10% active Ti sites under polymerization conditions [51,52], clearly indicating that the generation of benzyl chain ends is a catalytic process. This reactivity appears to be facilitated by the use of MAO/BHT as cocatalyst (MAO = methylaluminoxane, BHT = 2,6-tert-butyl-4-methylphenol), although smaller amounts of benzyl chain ends are observed also with the binary system trityl borate/tri-iso-butylaluminum [37,38].



Evidence for CTS was obtained also for other well-known and industrially relevant Ti catalysts, such as the Cp-amidinate (2) [53] and ansa-cyclopentadienylamido (3, Constrained Geometry Catalyst, CGC) [54] systems, while only ‘classical’ chain termination mechanisms were found to be operative, for instance, with Cp-ketimide complexes (4; Figure 1) [55]. In particular, catalyst 2 produces the highest amount of benzylated chain ends at 110 °C and 1 bar propene pressure reported so far (50%); when the toluene concentration is decreased (toluene/aliphatic solvent mixture 1:9) this value drops to 15%, while it increases to ~60% when toluene is replaced with the trimethylated analog mesitylene [37].



While benzyl groups represented a clear and rather unambiguous evidence for CTS, proving that CTM can be also operative in propene polymerization with these catalysts was less straightforward [37], since the resulting allyl chain ends could also be due to established mechanisms like BME (Scheme 1), as further discussed in the next section.




2.2. Mechanistic Studies


The large amount of saturated chain ends observable for polymers produced under CTS conditions, especially of n-butyl type (Table 1), indicates that termination mainly occurs after 2,1-propene insertion (Scheme 1) [35]. However, their formation via ‘classical’ mechanisms like chain transfer to cocatalyst and hydrogenolysis can be ruled out since the trimethylaluminum transfer agent present in MAO was completely trapped by addition of BHT [56,57,58], and no H2 was present in the reactor [35,37]. Therefore, formation of at least a large part of n-butyl chain ends can be traced to solvent activation. Consistent with this, it is known that insertion into Ti–sec-alkyl bonds (formed upon 2,1-propene insertion) is significantly slower than in Ti–n-alkyl bonds (derived from 1,2-insertion) [34,59,60,61,62], making side reactions like solvent activation more competitive with chain propagation for these so-called ‘dormant’ species.



The detailed mechanism of solvent activation was investigated, initially by means of DFT modeling [35,36]. A C–H activation via σ-bond metathesis, often observed with early transition metal alkyl complexes [63], could be excluded since calculated kinetic barriers were too high with respect to insertion ones, even for slowly inserting Ti–sec-alkyl species (ΔΔG‡ ≥ 13 kcal/mol) [35]. Moreover, preferential aromatic C–H activation, and therefore tolyl rather than benzyl chain ends, would be expected for σ-bond metathesis reactivity [63].



A radical pathway is more consistent with selective toluene activation at the benzylic position [64], and Ti–C bond homolysis is known to be competitive with olefin polymerization, especially at high temperature [65,66,67,68]. The quantitative computational modeling of this reaction required a dedicated benchmark study, which allowed to overcome the difficulties related to a) the ‘transferability problem’ [69] in the estimates of metal–carbon bond dissociation energies (BDEs) and b) the 1 → 2 particle nature of this reaction that poses a challenge for static DFT methodologies [36]. Analysis of BDEs for model species, such as Cp2TiMe2 and the cationic α-agostic alkyl complexes [Cp2Ti–R]+, revealed that homolysis of Ti–C bonds is thermodynamically accessible especially for [Cp2Ti–iPr]+ (mimicking the active species after 2,1-propene insertion) rather than for [Cp2Ti–iBu]+ (mimicking the active species after 1,2-propene insertion). This can be ascribed to the increased steric strain around the metal center that weakens the Ti–C bond in the former case, as well as the higher stability of secondary vs. primary alkyl radical products. Estimated BDEs are strongly affected by monomer coordination to the metal center (compare blue and red traces in Figure 3), as well as by the interaction with solvent [36] and counterion [36,37,38], eventually resulting in Ti–C bond strengths comparable to (or even lower than) O–O bonds of organic peroxides [70].



Kinetic barriers for homolysis were also estimated, following the strategy proposed by Scott and Peters for Cr-alkyl species (i.e., assuming that the transition state is located 5–10 kcal/mol above the two separated radical fragments) [71], and compared with those for insertion. Already at 298 K, the estimated ΔΔG‡(Hom.-Ins.) are slightly negative for the aforementioned bis-Cp species, and slightly positive for the ‘post-metallocenes’ 1–3 (Figure 1), in which the steric bulk around the metal center is reduced by the presence of the non-Cp ligands [36].



These computational results therefore confirm that the radical pathway for solvent activation is accessible under polymerization conditions and is favored by increased steric bulk around the metal center (e.g., bulky ancillary ligands and 2,1- vs. 1,2-last inserted monomer). Thus, the mechanism of CTS involves Ti–sec-polymeryl bond homolysis, benzylic H-abstraction from toluene by the polymeryl radical, Ti(III)/benzyl radical recombination, and chain reinitiation by the newly formed Ti(IV)-Bn species (Scheme 3A).



Experimental evidence for this mechanistic proposal derived from the systematic screening of phosphinimide catalysts 1-R and 1′-R (R = phenyl, cyclohexyl and tert-butyl; Figure 1). These systems produce polymers with variable amounts of benzyl chain ends when tested in propene polymerization under the same reaction conditions (Table 1) [37]. The ratio between in-chain and terminal regioerrors (Int./Ter. RE) in the polypropylene samples can be used to estimate experimentally the relative probability of chain propagation and termination after 2,1-insertion. In line with the proposed homolytic mechanism for chain termination, trends in Int./Ter. RE reflect those in DFT estimated ΔΔG‡(Hom.-Ins.) and in the percentage of buried volume in the catalyst active pocket (%VBur, Figure 4), which is a descriptor for the steric bulk around the metal center [72]. Trends in polymer Mn are also in line with this interpretation (Figure 4) [37].



Rationalizing factors determining the formation of benzyl terminated polymers was more complex, since it not only depends on the ease of Ti−polymeryl homolysis but also on the probability of H abstraction from toluene, Ti(III)/benzyl radical recombination, and chain reinitiation (Scheme 3A). Although no definitive conclusions can be drawn, combined experimental and computational data suggest that the main parameter determining solvent incorporation is ΔΔG‡(Hom.-Ins.) for the Ti(IV)−benzyl intermediate, that is, the probability that this species initiates chain growth rather than undergo further homolysis to go back to the Ti(III) and benzyl radicals (Scheme 3A) [37].



While screening the differently substituted phosphinimide catalysts, it emerged that the most sterically hindered 1′-tBu produces no benzyl terminated polymers, even though the large number of saturated end-groups indicated that homolysis is still a main chain termination event [37]. At the same time, this catalyst produces an unusually large amount of allyl chain ends. Given the similarity of BDEs for allylic C–H bonds in propene (~88 kcal/mol) and benzylic C–H bonds in toluene (~89 kcal/mol) [73], allyl formation might also originate from chain transfer to monomer (CTM; Scheme 3B), via an analogous radical mechanism to that proposed for CTS (Scheme 3A) [37]. Crossovers are also possible between these two pathways (Scheme 3C).



Further supporting experimental evidence for this hypothesis derived from the direct NMR spectroscopic observation of the key Ti(IV)–benzyl and Ti(IV)–allyl intermediates under 1-hexene polymerization conditions with 1′-tBu at 298 K (Figure 5) [38]. By taking advantage of the P atom in the ancillary ligand of the catalyst, it was possible to detect both intermediates using low amounts of monomer to retard chain propagation (~10 eq.; Figure 5). Indications for their formation via a radical mechanism were obtained. It is worth mentioning that, at higher 1-hexene loadings (~100 eq.; Figure 5), the Ti(IV)–benzyl complex is not observed anymore, since it is consumed by reaction with the monomer. Conversely, the Ti(IV)–allyl intermediate forms and accumulates even in the presence of excess 1-hexene, indicating that this species is ‘dormant’ under the experimental conditions used. This is the first time that dormant allyl-type intermediates have been detected for Ti catalysts; several examples for zirconocenes had been reported previously, albeit deriving from different reaction pathways (see Section 4.3 for further discussion) [74,75,76,77,78].





3. CTS in Sc-Catalyzed Styrene Polymerization


3.1. Additive Triggered CTS


In 2020, Cui and coworkers reported the first observation of CTS in styrene polymerization with Scandium catalysts bearing thiophene-fused cyclopentadienyl ligands (Figure 6) [39]. These systems are known to polymerize styrene with high activities and in a pseudo-living fashion [79]. In an attempt to copolymerize styrene with a functional comonomer like allyloxybenzene, however, the authors observed a rather expected decrease of catalyst productivity, but also an unexpected drop of polymer molecular weight to a few kDa [39]. Microstructural analysis, by NMR spectroscopy and MALDI-TOF mass spectrometry, revealed that no allyloxybenzene was incorporated in the polymer chains. Furthermore, they showed the formation of unsaturated chain ends, derived from BHE or BHTM, and of unprecedented ortho-tolyl chain ends, caused by solvent activation (Figure 6). Exploring concentration and temperature variations led to minor changes in terms of solvent incorporation, indicating that this CTS is highly competitive with chain propagation.



In contrast to propene polymerization, the preferential aromatic C–H activation at toluene observed in this case suggests a σ-bond metathesis mechanism, typical of Sc-alkyl complexes [63]. Based on DFT modeling, the authors suggest that solvent activation is triggered by the coordination of allyloxybenzene to the active Sc center. This hampers styrene coordination to the metal, retarding chain propagation and favoring side reactions like H-abstraction from weakly coordinated toluene solvent by the Sc-silylalkyl group (Scheme 4). The resulting Sc-tolyl species slowly initiates a tolyl capped chain growth.



It is worth mentioning that allyloxybenzene coordination appears to affect also stereoselectivity, leading to atactic rather than syndiotactic polymers [39]. The concomitant decrease of polymer molecular weight and tacticity is not necessarily undesirable: low-molecular weight and atactic polystyrene find commercial applications, for instance, as precursor for brominated polystyrenes, serving as flame retardants and components of electrical devices [80]. This material is usually produced via hard-to-control anionic or radical polymerization, while the additive-triggered CTS process observed with Sc catalysts allows to obtain it via well-controlled coordination polymerization [39].




3.2. CTS by Highly Active β-Diketiminate Sc-Catalysts in Additive-Free Polymerization


Cui and coworkers followed up on their initial report with another example of CTS in Sc-catalyzed styrene polymerization, this time in the absence of any additive [40]. In particular, the authors were interested in developing novel catalysts having ancillary ligands other than the established Cp-type fragments. Non-Cp complexes are often poorly active in styrene polymerization, including several examples based on β-diketiminate ligands [81]. However, upon installing fluorine substituents on the aryl rings of the β-diketiminate framework, Cui and coworkers observed a boost of productivity, reaching its maximum with the perfluorinated species (Figure 7) [40].



This sharp increase of activity was ascribed to the enhanced electrophilicity of the metal center facilitating monomer coordination, and it is accompanied by a decrease of polymer molecular weight by two orders of magnitude with respect to the non-fluorinated catalyst. Also in this case, MALDI-TOF mass spectrometric characterization revealed the presence of ortho-tolyl chain ends in the polystyrene samples, followed by an unusual 1,2-inserted monomeric unit [40]. Similar end groups are obtained using xylene, while benzene and halogen substituted toluene derivatives are not incorporated.



The non-incorporation of benzene is particularly interesting, as it suggests that the –CH3 group of toluene plays a key role in solvent incorporation. With the help of DFT modeling, the mechanism for CTS was therefore proposed to involve a σ-bond metathesis H-abstraction from toluene, favored by the interaction between the methyl group of the solvent and the fluorinated aryl ring of the catalysts (Scheme 5). This attractive interaction is also proposed to determine the high selectivity for ortho- over meta- and para-H activation. Similar to what was discussed in the previous section, CTS is therefore associated with the development of highly active Sc catalysts producing low-molecular weight polystyrenes [40].





4. Further Considerations on the Mechanisms of CTS and CTM, and Their Relevance in Catalysis


4.1. Connections with Catalyst Activity and Thermal Stability


In molecular olefin polymerization catalysis, Ti(IV)–C bond homolysis has long been considered an irreversible deactivation route, since the resulting Ti(III) molecular species are inactive in ethene and α-olefin polymerization [65,66,67]. The elucidation of the CTS and CTM mechanisms is therefore particularly intriguing, since it unprecedentedly demonstrates that active Ti(IV) centers can be regenerated from inactive Ti(III) via recombination with an organic radical, potentially increasing catalyst mileage [37]. Furthermore, it highlights the role of 2,1-monomer insertion not only in affecting polymer microstructure, but also as a catalyst stability ‘stress test’ due to the weakness of the resulting Ti–sec-alkyl bonds [36].



This reactivity has not been observed with zirconium-based systems, since Zr(IV)–C bonds are significantly stronger than Ti analogs. Nevertheless, generating Zr(III) species should be possible under certain reaction conditions [36,82], and it cannot be excluded that radical generated benzyl or allyl type chain ends will be reported for zirconium catalysts in the future.



Likewise, in the case of ethene polymerization, only relatively strong M–n-alkyl rather than M–sec-alkyl bonds are expected, making homolysis less competitive with chain propagation. Nevertheless, benzyl terminated polyethylene chains could be observed with the amidinate catalyst 2 when working at high temperature (110 °C) and moderate monomer pressure (1 bar) [37]. This indicates that CTS and CTM can be accessible also for Ti–n-alkyl intermediates formed in ethene homopolymerization, at least under harsh reaction conditions typical, for instance, of reactor hotspots.



Different considerations apply to CTS by Sc catalysts. The σ-bond metathesis reactivity does not involve oxidation state changes of the metal and formation of inactive species. In principle, effects on catalysts activity might still derive from the formation of ‘dormant’ Sc-tolyl species, but the high activity of β-diketiminate catalysts indicates that this is not the case at least for these systems.




4.2. Functionalized Polymers and Switchable Polymerization Catalysts


Besides mechanistic understanding, CTS might be of interest also with respect to applications. A first example could be the synthesis of chain end aryl functionalized polymers, which could be achieved by using substituted toluenes as solvents. This approach is hampered by the low tolerance of the active species towards heteroatoms, and by the need for ideally 100% functionalized chains. Although no successful examples have been reported yet [40], the Sc catalysts might be somewhat more promising in this respect: they provide high percentages of tolyl terminated polystyrenes, and examples of anisole-derived chain ends have been already reported by a reaction pathway similar to CTS [83]. The ability of these systems to selectively activate the aromatic C–H bonds of toluene, not those of styrene, is another important aspect.



Furthermore, the reversible redox chemistry of the Ti(IV)/Ti(III) couple under CTS and CTM conditions provides a potential handle for designing switchable polymerization catalysts [84]. Indeed, controlling the oxidation state of the metal center might allow to simultaneously exploit the ability of Ti(IV) centers to catalyze olefin insertion polymerization, and that of the Ti(III) center to polymerize styrene [85,86] and functionalized olefins [87]. It is also worth mentioning that the mechanism of CTS and CTM is reminiscent of that of organometallic-mediated radical polymerization (OMRP) [88,89], in which chain propagation occurs via a radical mechanism, and the redox chemistry of the metal center is only exploited to stabilize the radical intermediates (“persistent radical effect”). Examples of OMRP based on the Ti(IV)/Ti(III) redox couple have been reported for instance by the group of Asandei, who successfully followed this strategy to synthesize a variety of homo and copolymers with low polydispersities [90,91,92]. Although the combination of insertion polymerization and radical chemistry poses significant challenges, interesting results have been recently reported for late transition metal catalysts [93,94,95,96,97].




4.3. Connections with Small Molecule Activation and the Synthesis of Allyl Complexes


The mechanism of CTS and CTM is based on two known types of reactivity, namely σ-bond metathesis for Sc catalysts and M(IV)/M(III) redox chemistry for Ti systems. While the former reactivity is indeed well-established [63], the controlled exploitation of the redox chemistry of Ti complexes is still a challenging and relatively underdeveloped field [98]. The demystification of CTS and CTM is therefore of general interest for the organometallic chemistry of Ti complexes. In this respect, it should be noted that the mechanisms depicted in Scheme 3 resemble the one proposed by Piers and coworkers for C–X activation of halobenzenes by the hydride complex of 1′-tBu (Scheme 6) [99,100], indicating that the Ti(IV)/Ti(III) redox couple in phosphinimide complexes might be easily exploited also for small molecule activation.



Furthermore, the mechanistic studies on these novel chain termination processes revealed easy routes to access Ti(IV)-allyl complexes. These species are of interest in organic synthesis, but they are generally difficult to isolate [101,102,103,104]. By employing higher α-olefins, we have shown that allyl complexes can be easily accessible with phosphinimide catalysts, not only under polymerization conditions using 1-hexene, but also via straightforward routes using non-inserting olefins like 2-methyl-1-heptene (Scheme 7) [38].



Formation of allyl complexes by H-abstraction from a non-inserting olefin has been observed also for zirconocenes, in that case through σ-bond metathesis [105,106,107]. It should be noted also that dormant polymeryl carrying allyl-type complexes are often formed in situ under polymerization conditions with zirconocene catalysts; in this case, the allyl complex does not derive from monomer activation, but rather by BHE from a Zr-polymeryl species and allylic C–H activation by the resulting hydride complex [74,75,76,77,78]. This reactivity is therefore different from that of CTM, and does not lead to allyl-type chain ends [3,4,5,8].





5. Conclusions


The recent discovery of CTS and CTM exemplifies the intriguing complexity of the olefin polymerization mechanism, which still needs to be fully unveiled. These two novel chain transfer processes were first identified in Ti-catalyzed propene polymerization by the presence of benzyl and allyl-type chain ends in the polymer samples. Their detailed mechanistic investigation demonstrated an unexpected combination of insertion polymerization and radical chemistry. Furthermore, it highlighted the importance of 2,1-monomer insertion for catalyst thermal stability, the existence of reactivation routes for Ti(III) species, and the formation of dormant Ti(IV)-allyl type complexes under polymerization conditions. This reactivity was observed with several industrially relevant ‘post-metallocenes’, and also in ethene homopolymerization albeit under harsher reaction conditions. Clearly, CTS is accessible with toluene, often used in academic laboratories, and with analogous solvents having C–H bonds of the right strength; conversely, it is less likely in the saturated hydrocarbons typically preferred by industry, although CTM should still be operative in this case.



Recent reports on tolyl terminated polystyrenes demonstrate that CTS can occur also in Sc-catalyzed styrene polymerization, in this case via a ‘classical’ σ-bond metathesis mechanism. The first observation with cyclopenta[b]thienyl Sc catalysts was triggered by the presence of allyloxybenzene, while the second occurred in additive-free styrene polymerization with highly active fluorinated β-diketiminate complexes. In both cases, CTS offers viable and unusual catalytic routes for the production of low-molecular weight polystyrenes via coordination polymerization.



The identification of CTS and CTM is relevant not only in terms of mechanistic understanding, but also for some potential applications like the synthesis of chain end functionalized macromolecules and of block copolymers via switchable polymerization. While these approaches represent significant challenges, it might be expected that some advances will be achieved in the foreseeable future, also in light of recent literature reports on combined insertion and radical polymerization with late transition metal catalysts [93,94,95,96,97].
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Scheme 1. Representative unsaturated (red) and saturated (blue) chain ends (‘tails’) obtained via the most common chain termination pathways in propene polymerization after 1,2- and 2,1- monomer insertion. M = transition metal, P = polymeryl. 
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Scheme 2. Benzyl (A), allyl (B) and tolyl (C) chain ends deriving from chain transfer to solvent (CTS) or chain transfer to monomer (CTM). P = polymeryl. 
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Figure 1. Representative Ti-based ‘post-metallocenes’. R = alkyl or aryl. 
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Figure 2. Representative 1H NMR spectrum (tetrachloroethane-d2, 120 °C) of a polypropylene sample obtained with a Cp-phosphinimide Ti catalyst, showing the presence of benzyl chain ends (red) along with more typical olefinic terminations (blue, green, orange). Adapted with permission from Reference [35]. Copyright 2016 American Chemical Society. 
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Figure 3. Density functional theory (DFT) calculated BDEs for Cp2TiMe2 and [Cp2Ti–R]+ naked (blue trace) and olefin stabilized (red trace) cations at 298 K. Adapted with permission from Reference [36]. 
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Scheme 3. Proposed mechanisms of CTS (A) and CTM (B), including possible crossover between them (C). Propene was selected as representative α-olefin monomer. L = ancillary ligand, P = polymeryl. Adapted with permission from Reference [38]. 
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Figure 4. Graphical comparisons of trends in Int./Ter. RE (light blue) and Mn (dark blue; in kDa) with percentage of buried volume %VBur (red). Experimental data for 1′-tBu are reported separately since they were obtained at slightly lower temperature (100 °C, see Reference [37] for details). Catalysts are ordered by decreasing Mn. Reprinted with permission from Reference [37]. Copyright 2018 American Chemical Society. 
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Figure 5. 31P NMR (toluene-d8, 298 K) spectra of the Ti(IV)-benzyl (‘1-Bn+’) and Ti(IV)-allyl (‘1-AllC6+’) intermediates observed under polymerization conditions by reacting 1′-tBu with ~10 (bottom) or >100 (top) eq. of 1-hexene. Reproduced with permission from Reference [38]. 
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[image: Catalysts 11 00215 g005]







[image: Catalysts 11 00215 g006 550] 





Figure 6. Sc precatalysts (top) and MALDI-TOF spectrum of the polystyrene samples (bottom) reported by Cui and coworkers. Adapted with permission from Reference [39]. Copyright 2020 American Chemical Society. 
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Scheme 4. Proposed mechanism for CTS in styrene polymerization triggered by allyloxybenzene. Reproduced with permission from Reference [39]. Copyright 2020 American Chemical Society. 
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Figure 7. Fluorine substituted β-diketiminate Sc catalysts reported by Cui and coworkers (1 ≤ n ≤ 5) [40]. 
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Scheme 5. Proposed mechanism for CTS in additive-free styrene polymerization by fluorinated β-diketiminate Sc catalysts. Reproduced with permission from Reference [40]. 
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Scheme 6. Homolytic C–X activation of chloro- and bromobenzene by 1′-tBu as reported by Piers and coworkers. Reproduced with permission from Reference [100]. Copyright 2006 American Chemical Society. 
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Scheme 7. Synthesis of well-defined Ti(IV)-allyl complexes by reaction of 1′-tBu with 2-methyl-1-heptene [38]. 
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Table 1. Summary of some microstructural parameters of polypropylene samples obtained with catalysts 1–3 a.
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Entry

	
Cat.

	
Mnb

	
Mwb

	
Ð

	
%SAT c

	
%UNSAT c

	
%Bn c




	
Total

	
nBu






	
1

	
1′-Ph

	
3.3

	
6.4

	
2.0

	
160

	
79

	
19

	
21




	
2

	
1′-Cy

	
1.6

	
2.7

	
1.7

	
137

	
30

	
54

	
9




	
3 d

	
1′-tBu

	
1.4

	
1.6

	
1.2

	
127

	
23

	
77

	
n.d. e




	
4

	
1-Ph

	
6.4

	
13

	
2.0

	
179

	
40

	
16

	
5




	
5

	
1-Cy

	
4.1

	
7.8

	
1.9

	
168

	
58

	
19

	
14




	
6

	
1-tBu

	
2.3

	
3.9

	
1.8

	
165

	
69

	
26

	
9




	
7

	
2

	
5.9

	
13

	
2.2

	
131

	
69

	
19

	
50




	
8

	
3

	
4.1

	
7.4

	
1.8

	
148

	
49

	
48

	
4








a Experimental conditions: Catalyst, 25 μmol; Toluene, 200 mL; Activator, MAO/BHT; Al/Ti = 400; ppropene = 1 bar; Tp = 110 °C, t = 15 min; b in kDa; c mol% of polymer chains with saturated (SAT), unsaturated (UNSAT) and benzyl (Bn) chain ends, determined by NMR spectroscopy (%SAT values above 100% imply that a fraction of the polymer chains have an aliphatic head and tail); d Tp =100 °C; e n.d. = not detected. Data taken from Reference [37].
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