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Abstract

:

A theoretical investigation of the ring-opening polymerization (ROP) mechanism of rac-lactide (LA) with an yttrium complex featuring a N-heterocyclic carbine (NHC) tethered moiety is reported. It was found that the carbonyl of lactide is attacked by N(SiMe3)2 group rather than NHC species at the chain initiation step. The polymerization selectivity was further investigated via two consecutive insertions of lactide monomer molecules. The insertion of the second monomer in different assembly modes indicated that the steric interactions between the last enchained monomer unit and the incoming monomer together with the repulsion between the incoming monomer and the ligand framework are the primary factors determining the stereoselectivity. The interaction energy between the monomer and the metal center could also play an important role in the stereocontrol.
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1. Introduction


Polylactide (PLA) is a biodegradable and biocompatible material derived from biorenewable feedstock, and it is considered an excellent commercial alternative for conventional petroleum-based materials. It is of great interest for various biomedical as well as ecological applications, including drug-delivery systems and tissue engineering [1,2,3,4,5,6,7,8]. PLA has attracted much attention from researchers in both industry and academia. The most efficient method for the synthesis of PLA is ring-opening polymerization (ROP) of the six-membered cyclic ester lactide with a variety of metal-based complexes [4,9,10,11]. Organocatalysts also have been employed to more precisely control the synthesis of ring-opening polymerization [12]. Among the metal-based catalysts, rare-earth metal complexes show excellent performance for the ROP of lactides, due to their qualities such as living behaviours, controlled molar weights, and very narrow molar weight distributions [13,14,15,16]. Many different lithium complexes have been identified as excellent catalysts for the ROP of lactides in alcohol [17]. Particularly, divalent metal catalysts bearing a monoanionic auxiliary skeleton are advantageous due to their low cost, and group 3 metal complexes are also exquisite initiators in the synthesis of PLAs by the ROP of rac-lactide [18,19]. The explicit group 4 metal complexes bearing polydentate ligands have also been proved to be active initiators for the synthesis of PLA [20]. As compared to the other metal-based catalysts for the synthesis of PLAs by ROP, titanium complexes are not high in terms of activity and stereoselectivity, but their low toxicity is an attractive property for the synthesis of PLAs [21]. Regardless of the high cost, Ga(III) and In(III) precursors have captivated an increasing interest for ROP catalysis and are considered to be potentially effective initiators with biocompatible metal centers [22].



As for organocatalysts, the application of N-heterocyclic carbene (NHC) and its derivatives to ROP has attracted considerable attention. It can efficiently promote the polymerization of lactide and related monomers under mild conditions [23,24,25,26]. These organocatalysts often exhibit higher functional group tolerance [27] than metal-based complexes, and inherently work under milder conditions. Inspired by above features, bifunctional catalysts formed by combining metal and organic catalysis, which may result in a combination of their respective advantages, have been demonstrated to be a very powerful strategy in organic synthesis; these dual systems have attracted considerable interest in the last few years [28,29,30,31,32]. To exploit the potential of NHC–ZnR2 complexes, different approaches have been followed in which the synthesis and characterization of NHC–ZnR2 are carried out, and these complexes have then been used in ROP [33]. Controlled ROP of lactide was carried out by a dual system Zn(C6F5)2 combined with an amine or phosphine as organic bases [34]. In this context, Bourissou and co-workers reported a dual catalytic system combining an original cationic zinc complex with a tertiary amine, which was shown to promote efficiently and in a controlled manner the ROP of lactide under mild conditions [31]. In addition, Guillaume and Carpentier used analogous discrete cationic zinc and magnesium complexes for dual organic/organometallic-catalyzed ROP of trimethylene carbonate. The zinc cationic compounds are highly active catalysts for the ROP of TMC in the presence of an exogenous alcohol and addition of a small amount of tertiary amine [32]. However, in this content, bifunctional rare earth metal catalysts had been rarely explored for polymer synthesis.



Arnold had reported that the ROP of lactide catalyzed a yttrium complex featuring an NHC tethered moiety. Such a yttrium complex showed high activity and stereoselectivity toward the ROP of rac-lactide, resulting in a heterotactic based PLA (Scheme 1) [35]. In the same work, it was proposed that the polymerization occurs through a bifunctional mechanism involving electrophilic activation of the monomer by Lewis acidic metal centre Y and nucleophilic attack of the labile NHC fragment on the activated monomer (Scheme 2). However, the influence of the bifunctional catalyst on the mechanism of this reaction and the origin of stereocontrol, which is interesting and important for catalyst design, has remained unclear.



Theoretical calculations have shown their ability to efficiently describe and explain the ROP mechanism of cyclic esters, such as lactones and lactide at the molecular level [36,37,38,39,40,41]. For instance, Hormnirun et al. conducted a DFT study on the rac-lactide ring-opening mechanism initiated by a series of bis(pyrrolidene) Schiff-base aluminium complexes to reveal the correlation between the structure of backbone linker and the polymerization activity and stereoselectivity [42]. Rzepa et al. computationally studied both the mechanism of ring-opening and the origin of heterotactic stereocontrol in the β-diketiminate magnesium system [43]. They found that the stereoselectivity is determined by the ring-opening transition state and apparently arises from the minimization of several steric interactions and possibly from weak attractive C–H···π interactions. Maron et al. reported a DFT study of the ROP of lactide induced by a dinuclear indium catalyst [44]; the mechanism is proposed to involve the dinuclear species rather than a mononuclear complex because the dissociation energy of the dimer is too high. When rac-lactide is used, no clear preference for (R,R)-lactide vs. (S,S)-lactide insertion was found, therefore atactic polymer formation is predicted. A thorough DFT study of latide ROP initiated by an NHC zinc complex was also reported and showed the assistance of the second metal center [45]. These calculations provided valuable information on the design and development of homogeneous transition and main-group metal polymerization catalysts. In comparison, there are relatively few theoretical studies on lactide polymerization catalyzed by rare-earth metal complexes. Xu et al. conducted experimental and computational studies on the ROP of rac-lactide catalyzed by a novel yttrium bis(phenolate) ether complex, which showed high activity and excellent isotactic selectivity [46]. They found that the formation of an isotactic polymer originated chiefly from interactions between the methyl groups of the monomer units in the chain and the auxiliary ligand.



To the best of our knowledge, there is no report on DFT studies on the polymerization of rac-lactide initiated by bifunctional NHC-ligated rare-earth metal catalysts, such as that shown in Scheme 1. Simulated by our previous computational studies on olefin polymerization catalyzed by rare-earth metal complexes [47,48,49,50], we became interested in the ROP of cyclic ester catalyzed by rare-earth metal complexes. To obtain better insight into the mechanism of the reaction shown in Scheme 1 as well as to establish the role of the bifunctional catalyst in the ROP of lactide, DFT calculations were performed for the initiation and propagation of lactide ROP catalyzed by an NHC-ligated yttrium complex (Scheme 1). It was found that the carbonyl of lactide is attacked by the N(SiMe3)2 group rather than the NHC moiety. The steric repulsion between the incoming monomer and the ligand framework plays an important role in the heterotactic selectivity.




2. Computational Details


All calculations were performed with Gaussian 09 program [51]. The DFT method of B3PW91 [52,53] was utilized for geometry optimization and subsequent frequency calculations. The 6-31G(d) basis set was used for C, H, O, and N atoms; the LANL2DZ basis set together with the associated effective core potential (ECP) was utilized for Si and Y atoms [54]. One d-polarization function (exponent of 0.284) was augmented for the basis set of Si atoms [55]. Such a computational strategy has been widely used for the study of transition metal-containing systems [56,57,58,59,60,61]. The transition states were ascertained by a single imaginary frequency for the correct mode. The solvation effects were considered through single-point calculations with the SMD [62] solvation model. These single-point calculations are based on the optimized structures and carried out at the level of B3PW91-D3 (B3PW91with Grimme’s DFT-D3 correction [63]. In the single-point calculations, the 6-311g(d,p) basis set for C, H, O, N, and Si atoms in addition to the Stuttgart/Dresden ECP together with the MWB28 basis set for Y were utilized. Toluene (ε = 2.37) was employed as a solvent in the SMD calculations. The free energy (ΔG, 298.15 K, 1 atm) in solution was obtained from the solvation single-point calculation, and the gas-phase Gibbs free energy correction was included. The sum of free energies of the isolated complex and the corresponding free lactide molecule was set to be an energy reference point in the overall reaction. The 3D molecular structure displayed in this paper was drawn by using CYLview [64].




3. Results and Discussion


3.1. The Chain Initiation Step of Lactide ROP Mediated by the Bifunctional Yttrium Complex


The coordination-insertion mechanism, which is generally accepted for the ROP of a cyclic ester, was considered for the current reaction. To address the mechanism of the ROP of rac-lactide initiated by bifunctional yttrium NHC catalyst in detail, the insertion and ring-opening of the (S,S)-lactide and (R,R)-lactide monomer were first examined, respectively. There are two possible different pathways for the chain initiation of the polymerization of rac-lactide catalyzed by the bifunctional yttrium catalyst. As shown in Scheme 3, (i) in path A, the lactide coordinates to the metal center, then the nucleophilic attack of the NHC group to the carbonyl C atom of the coordinating lactide takes place, leading to a cyclic insertion product; (ii) in path B, the nucleophilic attack of the N(SiMe3)2 group to the carbonyl C atom of the coordinating lactide occurs, yielding a linear insertion product.



The calculated free energy profile for the chain initiation shown in path A is presented in Figure 1. As shown in this figure, the lactide coordinates to the metal center, which results in the (S,S)-lactide or (R,R)-lactide coordinating intermediate 1a (Y···O = 2.39 and 2.41 Å, respectively), destabilized by 11.8 kcal/mol and 7.6 kcal/mol with respect to the catalyst and lactide monomer. In the insertion transition state TS1a-2a, the carbonyl C atom of the coordinating lactide undergoes a change in hybridization from sp2 to sp3 due to the nucleophilic attack by the NHC species. The activation barriers for this step are 20.4 and 18.1 kcal/mol for the (S,S)- and (R,R)-lactide cases, respectively. The intermediate 2a with a newly formed C–C bond is therefore obtained. The second step proceeds through the transition state TS2a-3a, in which the lactide acyl–O bond is elongated (2.02 for (S,S) and 1.94 Å for (R,R) cases) with respect to the free lactide (1.35 Å) in concomitance with the formation of a new yttrium–alkoxide bond. The carbonyl carbon atom undergoes a change in hybridization from sp3 to sp2. This step results in the ring-opening of the lactide moiety and has an activation barrier of 34.6 kcal/mol for (S,S)-lactide and 27.2 kcal/mol for (R,R)-lactide. Moreover, the whole initiation step is endergonic by more than 4 kcal/mol. From an energy point of view, such high energy barriers and endergonic character suggest that path A is unlikely to be feasible pathway under the experimental conditions. This drove us to further investigate path B, as shown in Scheme 3.



Unlike that in path A, the coordination complex of the monomer with the catalyst was not found on the energy profile of path B, possibly due to the coordinative saturation around the metal center (Figure 2). A nucleophilic attack of one N(SiMe3)2 group on the carbonyl group of (S,S)-lactide and (R,R)-lactide proceeds via the transition state TSRe-1b with an activation barrier of 26.4 kcal/mol and 25.1 kcal/mol, respectively. This step represents the rate-determining step for the first monomer insertion along with path B. The resulting tetrahedral intermediate 1b rearranges to give intermediate 2b. Then, 2b overcomes the transition state TS2b-3b to accomplish the ring-opening of the lactide moiety, accompanied with the concerted cleavage of the acyl–oxygen bond and the formation of the new metal-alkoxyl bond. After the ring-opening, the chain reorganization occurs, affording a more stable five-membered metallacyclic product 4b. The calculated energy barriers for the ring-opening step are less than that of the insertion step. As a whole, the conversion of the reactant into a product is exergonic by 14.1 and 12.3 kcal/mol for (S,S)-lactide and (R,R)-lactide, respectively (Figure 2). A comparison of the energy profiles for paths A and B (Figure 1 and Figure 2) indicates that path B is more kinetically favorable than path A (an energy barrier of 34.6 kcal/mol and 27.2 kcal/mol vs. 26.4 kcal/mol and 25.1 kcal/mol), in addition to being more thermodynamically favorable (4.9 kcal/mol and 4.1 kcal/mol vs. −12.3 kcal/mol and −14.1 kcal/mol). It is also obvious that the reaction of (R,R)-lactide is more kinetically favorable than that of (S,S)-lactide (Figure 1 and Figure 2). These results suggest that the NHC moiety could not directly participate in the insertion and ring-opening processes and the (R,R)-lactide could be favorably involved at the chain initiation step.



The reasonable chain initiation pathway was studied, as shown above. However, the role of NHC is unclear in the process of the ROP of rac-lactide. In order to further investigate the role of NHC in the chain initiation step, we modelled the de-coordination of the NHC moiety from the metal center via a single-bond rotation in the complex. The dissociation energies of a Y–N(SiMe3)2 bond were cleaved for the monomer insertion as well as the insertion of the first (R,R)-lactide monomer before (1) and after (2) the rotation was calculated (Figure 3 and Figure 4). Obviously, in the case of NHC de-coordination, the dissociation energy of the Y–N(SiMe3)2 bond (ΔE = 107.3 kcal/mol) is larger than that for the NHC-coordination case (ΔE = 96.1 kcal/mol, Figure 3), because the NHC moiety serves as a good electron donor and could decrease the Lewis acidity of the metal center (NBO (Natural bond orbital) charge of 1.64 vs. 1.72, Figure 3). One may suppose that the increase in the Y–N(SiMe3)2 bond dissociation energy could increase the insertion energy barrier of the monomer. Actually, the calculated energy profiles support this hypothesis. As shown in Figure 4, in the case of NHC de-coordination, the insertion energy barrier is much higher than that for the coordination case (40.4 vs. 25.1 kcal/mol). Moreover, the former case is significantly endergonic, while the latter is an almost an isoenergetic process. These results suggest that the NHC ligation could accelerate the monomer insertion and therefore improve the polymerization activity.




3.2. Selectivity of rac-Lactide Polymerization


As aforementioned, in the chain initiation step, the reaction of (R,R)-lactide is more kinetically favorable than that of (S,S)-lactide. To explore the origin of stereocontrol in the rac-lactide polymerization, the insertions of both (R,R)- and (S,S)-lactide monomers were calculated in order to model the chain propagation on the basis of the resulting insertion product of the (R,R)-lactide 4b. As shown in Figure 5, the incoming monomer coordinates to 4b to form 5b, which could undergo a migratory insertion and subsequent ring-opening to finally give 9b, accompanied by structure isomerizations. A comparison of the coordination complex 4b indicates that the (S,S)-lactide is more thermodynamically favorable to coordinate to the metal center than its stereoisomers (relative energies of −10.0 vs. −3.2 kcal/mol). Kinetically, the ring-opening via TS7b-8b is the rate-determining step for both cases. Also, the free energy barrier for the case of (S,S)-lactide is 18.7 kcal/mol relative to 4b and the free monomer, which is lower than that for the case of its enantiomeric form (20.9 kcal/mol). These results suggest that the reaction of 4b with (S,S)-lactide is more favorable compared with (R,R)-lactide. This results in the (R,R)-(S,S) sequence, which is in line with the experimentally observed heterotactic selectivity. Considering that an achiral initiator cannot not lead any enantioselectivity in the chain initiation step, the case of (S,S)-enantiomer is also used for modeling the chain propagation. Actually, on the basis of the (S,S)-lactide-initiated product 4b(S,S), the subsequent reaction of the (R,R)-monomer is also more favorable than (S,S)-lactide, yielding the (S,S)-(R,R) heterotactic sequence (Figure S1).



To further elucidate the origin of stereoselectivity, an energy decomposition analysis [65,66,67,68] was performed for the coordination complex 5b, which shows a significant difference in energy between the two stereoisomers. In the energy decomposition analysis, 5b could be divided into two fragments, viz., lactide moiety (A) and the remaining part of the metal complex (B). The energies of the fragments A and B in the geometry of 5b were evaluated by single-point calculations. Such single-point energies of the fragments and the energy (corrected by the basis set superposition error) of 5b were used to estimate the interaction energy ΔEint. These energies, together with the energy of each fragment of their optimal geometries, allow for the estimation of the deformation energies of the two fragments, ΔEdef(A) and ΔEdef(B). As the total energy of 5b, ΔE5b is evaluated with respect to the energy of two separated fragments, and the relation ΔE5b = ΔEint + ΔEdef(A) + ΔEdef(B) holds. As shown in Table 1, the deformation energy of 5b(RR,SS) is similar to that of 5b(RR,RR), but the interaction energy is more favorable for 5b(RR,SS) (−32.1 kcal/mol) as compared to that of (RR,RR) (−26.9 kcal/mol), resulting in the lower ΔE5b for 5b(RR,SS) (−12.8 kcal/mol) in comparison with that for 5b(RR,RR) (−7.0 kcal/mol). It is obvious that the smaller ΔEint (more negative) for 5b(RR,SS) accounts for the lower energy barrier of 5b(RR,SS) in comparison with 5b(RR,RR). Therefore, the stability of the coordination complex 5b is controlled by the interaction energy between the monomer and the metal complex moiety.



Considering that the energies of TS5b-6b and TS7b-8b are close (Figure 5), and that the latter is unsuitable for such a fragment division, an energy decomposition analysis was also carried out for TS5b-6b to add better understanding to the stereoselectivity. It was found that the stronger interaction (more negative ΔEint) between the monomer and the metal could account for the lower energy barrier of TS5b-6b(RR,SS) in comparison with TS5b-6b(RR,RR). This suggests that the electronic factor plays an important role during the formation of the heterotactic sequence (Table S1).



A closer examination of the structure of the ring-opening transition state (TS7b-8b) indicates that the (RR,RR)-sequenced structure shows a strong repulsion between the methyl of the incoming monomer and the ligand framework (Figure 6). The two chiral carbons of the incoming monomer sterically interact with the carbonyl group of the pre-enchained unit. However, the structure with the (RR,SS) sequence shows a repulsive interaction between the carbonyl group of the incoming monomer and the ligand framework. Furthermore, one chiral carbon of the incoming monomer sterically interacts with the carbonyl group of the pre-enchained unit. These structural features suggest that the steric clash between the incoming monomer and the ancillary ligand as well as the pre-enchained monomer unit could account for the stereoselectivity, in accordance with the ligand-assisted chain-end controlled mechanism [43]. Also, we know that the charge dispersion is conducive to the stability of a structure. In general, the smaller the values of |Q| and S, the more stable the structure [69]. The charge analyses indicate that the |Q| = 1.035 and S = 0.526 for the TS7b-8b(RR,SS) are smaller than those (|Q| = 1.038 and S = 0.558) for the TS7b-8b(RR,RR). Therefore, the charge dispersion also suggests that the former is more stable than the later (Figure S2).





4. Conclusions


The stereoselective polymerization of rac-lactide by bifunctional yttrium NHC catalyst LY[N(SiMe3)2]2 (L = tBuNCH2CH2(1-C{NCHCHNtBu})) was studied by using density functional theory. At the chain initiation stage, it was found that the NHC group could not be directly involved in the polymerization process and the N(SiMe3)2 group nucleophilically attacks the carbonyl C atom of the coordinating lactide instead. However, computational modelling suggests that the NHC moiety to be a good electron-donor that could accelerate the carbonyl insertion and thus improve the polymerization activity. The subsequent reaction of the second monomer was also calculated in order to model the chain propagation. Having achieved an agreement between the experimental and theoretical results, the origin of the observed stereoselectivity was further investigated. It was found that the steric repulsion between the incoming monomer and ancillary ligand as well as the pre-enchained monomer unit could account for the stereoselectivity, in accordance with the ligand-assisted chain-end controlled mechanism. In addition, the electronic factor may play an important role in the monomer insertion reaction to form a heterotactic sequence. The results reported in this work are expected to shed light on the development of stereoselective catalysts for the ring-opening polymerization of lactides.
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Scheme 1. The ring-opening polymerization of rac-lactide by the bifunctional yttrium catalyst. 
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Scheme 2. The previously proposed bifunctional activation mode of rac-lactide by the bifunctional yttrium complex. 
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Scheme 3. Possible pathways for the ROP of lactide catalyzed by the bifunctional yttrium complex. 
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Figure 1. Calculated free energy profile for the chain initiation of the ROP of rac-lactide along path A. TS1a-2a, nucleophilic addition transition state; TS2a-3a, ring-opening transition state. 
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Figure 2. Calculated free energy profile for the chain initiation of the ROP of rac-lactide along path B. TSRe-1b, nucleophilic addition transition state; TS2b-3b, ring-opening transition state. 
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Figure 3. The bond dissociation energy of Y–N(SiMe3)2 in the coordination and de-coordination of the N-heterocyclic carbine (NHC) moiety. NBO (Natural bond orbital) atomic charges are given in black. All H atoms are omitted for clarity. 
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Figure 4. Calculated free energy profiles for the insertion of the (R,R)-lactide monomer in the cases of NHC de-coordination and coordination. 
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Figure 5. Calculated free energy profile for the ring-opening polymerization of the second rac-lactide monomer. 
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Figure 6. Optimized geometries of TS7b-8b; the arrows show repulsive interaction. 
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Table 1. The energy decomposition of 5b (kcal/mol).
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	Structure
	ΔEint
	ΔEdef(A) 1
	ΔEdef(B) 2
	ΔEdef
	ΔE5b





	5b (RR,RR)
	−26.9
	0.9
	19
	19.9
	−7



	5b (RR,SS)
	−32.1
	1.2
	18.1
	19.3
	−12.8







1 Deformation energy of the lactide monomer fragment in 5b; 2 Deformation energy of the remaining part of 5b.
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