

  catalysts-11-01090




catalysts-11-01090







Catalysts 2021, 11(9), 1090; doi:10.3390/catal11091090




Article



Alkoxy-Functionalized Schiff-Base Ligation at Aluminum and Zinc: Synthesis, Structures and ROP Capability



Xin Zhang 1, Kai Chen 2, Melissa Chicoma 3, Kimberly Goins 3, Timothy J. Prior 1[image: Orcid], Terence A. Nile 3,* and Carl Redshaw 1,*[image: Orcid]





1



Plastics Collaboratory, Department of Chemistry, University of Hull, Cottingham Road, Hull HU6 7RX, UK






2



Collaborative Innovation Center of Atmospheric Environment and Equipment Technology, Jiangsu Key Laboratory of Atmospheric Environment Monitoring and Pollution Control, School of Environmental Science and Engineering, Nanjing University of Information Science & Technology, Nanjing 210044, China






3



Department of Chemistry, University of North Carolina Greensboro, Greensboro, NC 27402-6170, USA









*



Correspondence: terry_nile@uncg.edu (T.A.N.); c.redshaw@hull.ac.uk (C.R.)







Academic Editor: Samuel Dagorne



Received: 14 August 2021 / Accepted: 3 September 2021 / Published: 9 September 2021



Abstract

:

The Schiff-base compounds 2,4-di-tert-butyl-6-(((3,4,5-trimethoxyphenyl)imino)methyl)phenol (L1H), 2,4-di-tert-butyl-6-(((2,4,6-trimethoxyphenyl)imino)methyl)phenol (L2H), 2,4-di-tert-butyl-6-(((2,4-trimethoxyphenyl)imino)methyl)phenol) (L3H) derived from anilines bearing methoxy substituents have been employed in the preparation of alkylaluminum and zinc complexes. Molecular structure determinations reveal mono-chelate aluminum complexes of the type [Al(Ln)(Me)2] (L1, 1; L2, 2; L3, 3), and bis(chelate) complexes for zinc, namely [Zn(Ln)2] (L1, 5; L2, 6; L3, 7). All complexes have significant activity at 50 °C and higher activity at 100 °C for the ring-opening polymerization (ROP) of ε-caprolactone (ε-CL) with good control over the molar mass distribution (Mw/Mn < 2) and molecular weight. Complex 1 was found to be the most active catalyst, achieving 99% conversion within 18 h at 50 °C and giving polycaprolactone with high molecular weight; results are compared against aniline-derived (i.e., non-methoxy containing) complexes (4 and 8). Aluminum or zinc complexes derived from L1 exhibit higher activity as compared with complexes derived from L2 and L3. Complex 1 was also tested as an initiator for the copolymerization of ε-CL and glycolide (GL). The CL-GL copolymers have various microstructures depending on the feed ratio. The crosslinker 4,4′-bioxepane-7,7′-dione was used in the polymerization with ε-CL using 1, and well-defined cross-linked PCL was afforded of high molecular weight.
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1. Introduction


The use of Schiff-base, or as it is sometimes called phenoxyimine (FI) ligation in metal-based catalysis, has seen some notable successes in recent years. For example, in α-olefin polymerization, researchers at the Mitsui Chemical Corp. achieved both increased thermal stability and very high activity for vanadium-based systems of the type [VO(FI)2] [1]. The use of pendant functionality has also proved to be an area of promise [2]. As catalysis researchers have turned their attention to more potentially environmentally-benign polymers, the use of Schiff-base ligation has remained a central theme. In particular, their use in the ring opening polymerization (ROP) of cyclic esters has led to catalysts employing the metals aluminum and zinc [3,4,5,6,7]. Given that the sterics and electronics associated with the coordination geometry at the metal allows for the manipulation of the ROP process, numerous combinations of different Schiff-base ligands have been studied. However, the use of Schiff-base ligands bearing multiple alkoxy substituents is limited, despite the ready availability of suitable precursors. In related chemistry, Guo [8] previously reported iron(II) 2,6-bis(imino)pyridyl complexes bearing bulky para substituents (R = CH3, OCH3) at the aniline and their catalytic properties in ethylene polymerization. It was found that the electron-donating methoxy substituent resulted in a slight decrease of catalytic activity, but a significant increase of molecular weight compared with the methyl analogue. Ghaffari [9] has also investigated the position effects (ortho, meta, para) of methoxy substituents for nickel(II) complexes and utilized such complexes for the epoxidation of cyclooctene. We note that in salen-based nickel chemistry, the presence of the methoxy substituents has led to enhanced activity and increased selectivity for epoxidations. Thus, herein we have initiated a program to screen Schiff-base ligands derived from anilines bearing alkoxy substituents. The effect on the catalytic activity of the ROP of cyclic esters of different substitution patterns for the electron-donating methoxy substituent groups at the aniline derived moiety of bidentate N,O-Schiff base is investigated. It is desirable that the catalyst is cheap and readily accessible and so we have focused our studies on the earth abundant metals aluminum and zinc. The use of main-group metal ROP catalysts has been reviewed [3,5], and other reviews have focused on the use of aluminum [4,6] and more recently Schiff-base ligation [7].




2. Results and Discussion


2.1. Synthesis and Characterization of Schiff-Base Aluminum Complexes


The organoaluminum complexes 1, 2 and 3, bearing the phenoxy-imines L1, L2 and L3 respectively, were prepared by reaction of AlMe3 with one equivalent of the parent phenoxyimine (L1H = 2,4-di-tert-butyl-6-(((3,4,5-trimethoxyphenyl)imino)methyl)phenol, L2H = 2,4-di-tert-butyl-6-(((2,4,6-trimethoxyphenyl)imino)methyl)phenol) and L3H = 2,4-di-tert-butyl-6-(((2,4-trimethoxyphenyl)imino)methyl)phenol) in toluene. These reactions took place along with the evolution of methane [10], and following work-up, analytically pure yellow needle-shaped crystals were collected from the saturated solution of acetonitrile at 5 °C in 52% (1), 34% (2), 64% (3) yields, respectively. In the 1H NMR spectra of 1-3, a sharp single resonance is ascribed to the Al-Me2 protons at −0.79, −1.00, −0.93 ppm, respectively, and a resonance ascribed to the CH=N proton at 8.82 ppm for 1, 8.58 ppm for 2, or 8.58 ppm for 3 observed, see Figure S1.



The molecular structures of 1, 2 and 3 were further verified by X-ray diffraction studies (Figure 1 and Table 1). The Al centers in 1, 2 and 3 are four-coordinate with a bidentate N,O-chelate and two methyl ligands. 1 crystallizes in space group P42/n with coordination geometry around the metal center described as distorted tetrahedral; angles range from 94.59(10) to 119.12(16)°. The most “acute” angle is associated with the bite angle of the chelate ligand [94.59(10)°], which is close to those previously reported for [LClBu-AlMe2(5)] [93.32(6)°] [11] (LClBu = 4-ClC6H4CH=NN=CHC6H2-2-(O)-3,5-tBu) and Me2Al[O-2-Me-6-(R2N=CH)C6H3] [R2=2,6-iPr2C6H3] [93.68(7)°] [12], [Me2AlLhyd] (LhydH = 2,4-di-tert-butyl-6-(2,6-dibenzylhydryl-4-isopropylphenylimino)methyl)phenol) [94.14(8)°] [13]. The Al–C bond distances in 1 [Al(1)–C(22) 1.955(4) Å, Al(1)–C(23) 1.961(3) Å] are typical, while the Al(1)–O(1) bond length is [1.765(2) Å], indicative of a σ-bond [13]. The Al(1)–N(1) bond distance in 1 [1.980(3) Å] is longer than those in [Me2NC(NiPr)2AlCl2] [1.872(3) Å] [14], consistent with dative type bonding.



The structure of 2 is similar to 1, with a distorted four-coordinate metal center in the triclinic space group P-1. The O(4)–Al(1)–C(25) [109.00(6)°], O(4)–Al(1)–C(26) [112.77(6)°] and O(4)–Al(1)–N(1) [93.74(5)°] bond angles are smaller than those in 1 [109.08(14)°, 113.34(13)°, 94.59(10)°, respectively], whereas the angles C(25)–Al(1)–C(26) [121.35(7)°] and N(1)–Al(1)–C(25) [110.62(7)°] are larger than those in 1 [119.12(16)o and 108.91(13)°, respectively]. The Al–O distance in 2 [1.7895(11) Å] is longer than in 1 [1.765(2) Å] and the Al–N distance [1.9570(14) Å] is shorter than in 1 [1.980(3) Å]. The observed differences can be ascribed to the differing positions, and hence steric influence, of the substituents on the aniline derived moiety. The geometry in 3 resembles that in 2. All pertinent bond distances around the Al center are close to those in 2, except the distance of Al(1)–N(1) [1.9923(10) Å] in 3 is longer than 2 [1.9570(14) Å]. The bond angles around the Al atom range from 91.19(4)° to 123.31(5)°.



The IR spectrum of 1 contains an absorption band at 1613 cm−1 assigned to ν (C=N). The ν (C=N) band of the parent L1H is found at 1614 cm−1, which is consistent with the observation of Sarma and Bailar [15] who reported no shift in ν (C=N) bond frequency even after complexation. The coordination of the azomethine nitrogen is further supported by the appearance of new band at 587 cm−1 due to ν (Al–N). The stretching vibration observed at 1249 cm−1 is attributed to the phenolic C–O vibration of L1 [16]. For 1, the shift of this band to lower frequency at 1237 cm−1 indicates the bonding of the ligand to the metal atom through oxygen. The formation of the Al–O bond was supported by the appearance of medium bands in the region of 708 cm−1. The absorption at 609 cm−1 is assigned to ν (Al–C) [17]. The IR spectra for 2 and 3 are similar to 1. The strong absorption at 1614 cm−1 was assigned to ν (C=N) stretching. Compared to the free ligand (1619 cm−1), the ν (C=N) stretching of 2 is slightly shifted to lower frequency. The important IR bands are summarized in Table 2. The solid-state structures of the aluminum complexes 1–3 are consistent with their 1H NMR spectra, elemental analysis and mass spectrometry data.




2.2. Synthesis and Characterization of Schiff-Base Zinc Complexes


The reaction of L1H, L2H or L3H with one equivalent of ZnEt2 in refluxing toluene readily afforded the bis(chelate) complexes 5, 6 and 7 (Scheme 1), respectively. Analytically pure yellow prisms were collected, following work-up, from a saturated solution of acetonitrile at 5 °C in 48% (5), 40% (6) or 60% (7) yields, respectively. In the 1H NMR spectra of 5, 6 or 7, a resonance is ascribed to the CH=N proton at 8.65 ppm for 5, 8.36 ppm for 6, or 8.50 ppm for 7 (see Figure S2).



The molecular structures of 5, 6 and 7 are presented in Figure 2. Selected bond lengths and angles are collated in Table 1; crystallographic data are collated in Appendix A. 5 crystallizes in the orthorhombic space group Pbca and each Zn center in 5 is distorted tetrahedral with two N and two O atoms from two Schiff-base ligands L1, with angles ranging from 95.76(7)-121.63(7)°, which are comparable with others reported for analogous square planar Zn(II) species [18,19]. The average bond distances for the Zn(1)–(O) and Zn(1)–(N) bonds are [1.908 Å] and [2.004 Å], respectively, which are comparable with previous reported values [20,21,22,23]. The metal ion in 6 (monoclinic space group I2/a), also adopts a distorted tetrahedral geometry for which the O(1)–Zn(1)–N(1) [93.54(9)°], O(2)–Zn(1)–N(2) [92.70(8)] and O(2)–Zn(1)–O(1) [97.45(8)°], N(1)–Zn(1)–N(2) [99.93(8)°] bond angles are smaller than those in 5 [96.84(7)°, 95.76(7)°, 122.14(7)°, 121.63(7)°, respectively]. Moreover, the O(2)–Zn(1)–N(1) [146.25(9)°], O(1)–Zn(1)–N(2) [138.49(9)°] bond angles in 6 are larger than those in 5 [111.25(7)° and 111.20(7)° respectively], whilst the Zn–O [1.9338 Å] and Zn–N [2.026 Å] distances in 6 are longer than in 5 [1.9088 Å, 2.0089 Å]. The observed differences are attributed to the different positions of the methoxy substituents in the aniline derived group.



Structure 7 also contains a Zn(II) center ligated by two L3 ligands similar to 5 and 6. The two methoxy oxygens O(4) and O(6) are at a distance >2.5 Å from the zinc center and so are not considered as interacting. Given this, the zinc ion in 7 (monoclinic space group P21/n) also adopts a distorted tetrahedral geometry involving atoms O(1), O(2), N(1) and N(2). The bond lengths for Zn–O(1), Zn–O(2), Zn–N(1) are 1.9583(17), 1.9573(18), 2.027(3) Å, respectively, which are longer than observed in 5 and 6; selected bond lengths and bond angles are collected in Table 1. The bond length for Zn(1)–N(2) [2.026(2) Å] in 7 is shorter than that in 6 [2.032(2) Å]. All of the O(1)–Zn(1)–O(2), N(1)–Zn(1)–N(2) angles are smaller than 180° causing the distorted tetrahedral geometry. In particular, the O(1)–Zn(1)–O(2) bond angle [117.54(8)°] in 7 is in the between of 5 [122.14(7)°] and 6 [97.45(8)°]. However, the N(1)–Zn(1)–N(2) bond angle [149.77(9)°] in 7 is much bigger than those in 5 [121.63(7)°] and 6 [99.93(8)°].



The infrared spectra of the complexes 5, 6 and 7 are collected in Table 2 and are compared with that of free ligand to verify the bonding in the complexes. The band in the IR spectrum of L1 at 1614 cm−1 (C=N) is shifted to slightly lower frequencies at 1612 cm−1 in 5, indicating donation of the lone pair of electrons at the azomethine nitrogen to the zinc center [24]. Moreover, the coordination of the azomethine nitrogen is further supported by the appearance of new band at 598 cm−1 assigned to ν (Zn–N). The stretching vibration observed at 1249 cm−1 is attributed to the phenolic C–O vibration of L1 [16]. In the complex 5, the shift to lower frequency at 1237 cm−1 indicates the bonding of the ligand to the metal via oxygen. A new band for 5 at 661 cm−1 is assigned to ν (Zn–O); the IR spectrum for 6 and 7 is similar to 5. Selected IR bands are summarized in the Table 2. The structures of the zinc complexes 5–7 were consistent with their 1H NMR spectra, elemental analysis and mass spectrometry data.





3. Ring Opening Polymerization (ROP)


3.1. Ring Opening Polymerization of ε-Caprolactone (ε-CL)


Complexes 1–8 have been screened for their ability to act as catalysts, in the presence of benzyl alcohol (BnOH), for the ROP of ε-caprolactone and the results are presented in Table 3. Results for 1–3 and 5–7 are compared against the related non-methoxy containing complexes 4 [25] and 8, respectively. The polymerization reactions were carried out at 100 °C, using a [CL]:[catalyst]:[BnOH] ratio of 250:1:1. All complexes were found to be active under these polymerization conditions with similar monomer conversions (>95%) over different times. The aluminum complex 1 was capable of achieving 99% conversion in 40 min., whereas 120, 100 and 120 min. were required for 2, 3 and 4, respectively (Table 3, entries 1–4). In addition, 1 afforded a larger molecular weight (Mn = 17,000) compared with 2 (Mn = 16,000), 3 (Mn = 16,000) and 4 (Mn = 12,000), and narrow polydispersity indexes (1: PDI = 1.74) vs. 2 (PDI = 1.87), 3 (PDI = 1.90) and 4 (PDI = 2.41). The results herein indicated that ligands derived from anilines bearing 3,4,5-methoxy substituents favored the ROP process in terms of rate, molecular weight and control. Looking at the zinc complexes (Table 3, entries 5–8), it is evident that 5 bearing Schiff-base ligands with 3,4,5-methoxy substituents is also the most effective catalyst in terms of rate, molecular weight and control. In general, polymers catalyzed by the zinc complexes 5_8 possessed very narrow distributions (PDI: 1.03–1.18), indicating less transesterification during the polymerization process [26]. Complex 5 bearing the 3,4,5-methoxy substituents exhibited better activity than did 6 with 2,4,6-methoxy substituents, 7 with 2,4-methoxy substituents and 8 without any methoxy substituents, as was seen for the organoaluminum complexes. These results strongly suggest that the use of 3,4,5-methoxy substituents in complexes of this type favors PCL formation.



During the preliminary experiments, the effect of temperature in the ROP of ε-CL at a fixed ratio of 250:1:1 ([ε-CL]:[catalyst]:[BnOH]) was investigated. At room temperature (25 °C), 1 exhibited no activity for the ROP of ε-CL (Table 3, entries 9). When the polymerization was performed at 50 °C over 18 h, the activity trend followed the order of 1 > 3 > 2 > 4 > 5 > 6 > 7 > 8 (Table 3, entries 10–17), which is similar to the trend observed at 100 °C. More specifically, 1 exhibited the best catalytic activity for the ROP of ε-CL, giving 99% conversion. In the case of aluminum, polymer molecular weights were higher at 50 °C and close to the calculated Mn than at 100 °C (e.g., see runs 1 and 10, Table 3), which suggests that the active species is approaching its thermal stability level at the higher temperature [27]. At 50 °C, only 18–30% of the monomer was converted to polymer over 18 h using the zinc complexes, i.e., the polymerization is much slower compared with 100 °C (Table 3, entries 14–17).



In order to gain more insight into the polymerization mechanism, 1 and 5 with differing amounts of benzyl alcohol were used as catalysts for the ROP of ε-CL. In the absence of benzyl alcohol, the polymerization of ε-CL catalyzed by 1 proceeded fastest, reaching 99% conversion in 35 min. at 100 °C (Table 3, entry 22). The resultant PCL had a larger Mn (76,000) than the theoretical Mn value, and a broad polydispersity (PDI = 2.75) indicative of a less controlled process likely due to backbiting or transesterification [28]. Increasing the ratio of [BnOH]:[catalyst]0 from 1 to 2 and 4 decreased the polymerization rate. For example, in the presence of 4 equiv. of BnOH, a conversion of 99% was achieved over a longer polymerization time (120 min.). The results indicated that the addition of BnOH led to slower monomer conversion and decreased molecular weight (Table 3, entry 22–25). In the presence of 1 equiv. of BnOH, 1 exhibited similar activity to the system used in the absence of BnOH, whereas excess BnOH led to a decrease. This is thought to be due to decomposition of the catalyst [29]. For complex 5, the absence of BnOH slowed the monomer conversion and poor control was noted (Table 3, entry 26). When the ratio of [BnOH]0:[catalysts]0 is 1, the conversion reached 51% after 2 h which is the best compared with other ratios and the system exhibited good control (PDI 1.03). The results indicated BnOH is necessary in the zinc systems for enhanced control and acceleration of the polymerization process, however increasing the amount of BnOH proved detrimental to conversion, molecular weight and control (Table 3, entries 27–29).



On the other hand, the ROP of 1 reached high conversion (99%) after 120 min. when the catalyst concentration was half ([CL]:[catalyst]:[BnOH] = 500:1:1) (Table 3, entry 21). As expected, the Mn values could be controlled by varying the CL:catalyst molar ratio (125:1, 250:1, 500:1) (Table 3, run 1, 20–21).



The air stability of these complexes were examined, 1 and 5 were used to initiate the polymerization of ε-CL at 100 °C with a [CL]:[catalyst]:[BnOH] ratio of 250:1:1 under air. Surprisingly, complex 1 successfully initiated the polymerization of ε-CL under air after 720 min. with a 99% conversion. However, 5 failed to initiate the polymerization under the same conditions (Table 3, entries 18–19). These results revealed that complex 1 can tolerate moisture during the polymerization process.



Kinetic studies were performed using 1–8. Plots of ln([CL]0/[CL]t) versus time are shown in Figure 3 (aluminum complexes 1–4) and Figure 4 (zinc complexes 5–8). Semilogarithmic plots obtained when using aluminum complexes are curves, which implied the polymerizations of ε-CL proceeded in two stages: the first is an induction period then followed by a first-order linear relationship dependence of monomer concentration (Figure 3). It is notable that all aluminum catalysts showed different induction periods dependent the type of catalysts. To clarify whether the induction period was caused by the presence of BnOH, the ROP of ε-CL using 1 without BnOH was investigated. This significant induction period (approximately 20 min.) also existed in the absence of BnOH for complex 1 (Figure S15, Table 3, entry 22). These results suggest that the induction periods in the ROP of ε-CL were not caused by the coordination between aluminum complexes and BnOH when forming the active alkoxide species, but could be caused by the coordination between ε-CL and aluminum complexes [30]. The calculated slope of the linear section of the curve is equal to the apparent polymerization rate constant [31]. The aluminum complex 1 displayed the highest catalytic activity (kobs = 2562 × 10−4 min−1, R = 0.9764) compared to 3, 2 and 4 (kobs = 1253 × 10−4 min−1, R = 0.9924; kobs = 903 × 10−4 min−1, R = 0.9986; kobs = 729 × 10−4 min−1, R = 0.9973, respectively).



The zinc systems (Figure 4) exhibited a near linear relationship, which implied that the polymerization followed a first-order dependence on the monomer concentration and the polymerization was controllable. Zinc complex 5 exhibited a better catalytic activity (kobs = 63 × 10−4 min−1) compared to 7 (kobs = 44 × 10−4 min−1), 6 (kobs = 19 × 10−4 min−1) and 8 (kobs = 17 × 10−4 min−1). The results showed that the catalytic activity of complexes for ε-CL decreased in the order of 1 (3,4,5-methoxy) > 3 (2,4-methoxy) > 2 (2,4,6-methoxy) > 4 (aniline) > 5 (3,4,5-methoxy) > 7 (2,4-methoxy) > 6 (2,4,6-methoxy) ≥ 8 (aniline). Moreover, the kobs difference between the aluminum complexes and zinc complexes indicates that metal center can dramatically affect the catalytic activity of ε-CL. Further, the substituent pattern of the methoxy groups on the Schiff-base ligands can strongly influence the polymerization rate for both the Al and Zn species, as well as the induction period for Al. For example, the kobs value with the sequence of 1 (3,4,5-trimethoxy) > 3 (2,4-trimethoxy) > 2 (2,4,6-trimethoxy). In “Hammett” terms [32], the presence of two meta-methoxy groups (electron withdrawing) and a para-methoxy (electron donating) group as in 1 and 5, enhances the ability of the metal to attack (nucleophilic) the carbonyl group of the caprolactone versus complexes possessing only para-/ortho-(2, 3, 6 and 7) or no methoxy substituents (4 and 8). The 1H NMR results for the aluminum complexes verified the influence of the methoxy groups. As shown in the 1H NMR spectra, chemical shifts assigned for the AlCH3 group in 1–3 are −0.79 (1), −1.00 (2), −0.95 (3), respectively (Figure S1). The chemical shift order of 1 > 3 > 2 revealed that Lewis acidity of 1 is also larger than 3 and 2 [33]. This supports the polymerization activity trend. Lastly, the kobs value of complex 4 (aniline) is smaller than 1 (3,4,5-trimethoxy) which suggests that ligands with electron donating groups on the Schiff-base ligand enhance the catalytic activity, which is in agreement with observations for ortho-OMe-substituted (salen)AlCl [34] and [(L4)ZnEt]2 (L4 = 2-[1-[2-(dimethylamino)ethylimino]ethyl]-4-methoxyphenol) [35].



End-group analysis was carried out using 1H NMR spectroscopy and MALDI-TOF mass spectrometry (Figure 5 and Figure 6). The 1H NMR spectrum of the PCL produced by 1 (Table 3, entry 1) indicated the presence of one benzyl group (peaks k and m) and L1 (peak g, f) group (Figure 5). The MALDI-TOF results of the same PCL (Table 3, entry 1) demonstrated there are two sets of main signals ascribed to the end groups with benzyl group and the L1 moiety (Figure 6). One main set of peaks is 107.13 + 114.14n + 1.01 + 22.99 attributed to BnOH + (CL)n + Na+. The other set of peaks is 398.52 + 114.14n + 1.01 + 68.97 attributed to L1H + (CL)n + 3Na+. The 1H NMR spectroscopy and MALDI-TOF results suggest the existence of benzyl-capped PCL and L1-capped PCL, which implies that the polymerization proceeds via a coordination–insertion mechanism, where the monomer coordinates to the metal followed by the acyl oxygen bond cleavage of the monomer and chain propagation.




3.2. The ROP of Copolymer P(CL-co-GL) Catalyzed by the Aluminum Complexes


Given the better performance of complex 1, we applied this catalyst to the copolymerization of ε-CL and glycolide (GL), which is a copolymer that is widely used in industry [36,37,38]. The copolymerization reactions were conducted at 100 °C by adding the BnOH, ε-CL and glycolide (GL) together in the ratio [CL:GL]:[cat]:[BnOH] = [350:150]:[1]:[1] or [250:250]:[1]:[1]. The reaction was quenched with acidic methanol after 24 h. The microstructure and transesterification of the copolymer chain were demonstrated by 1H NMR (DMSO-d6) spectroscopic analysis, as shown in Figure 7.



The average lengths of caproyl and glycolidyl blocks (leCL and leGL) and R were calculated from the 1H NMR spectra, by using reported equations [39]. The average lengths depend on the composition ratio and monomers feed [40]. Ideally, the length of the glycolidyl block can be increased by increasing the feed of GL into the copolymer. However, the limited solubility of the GL derived copolymer in DMSO (100 °C), led to a lower content of glycolide than expected. The coefficient R represents the degree of randomness of the chain and if R is equal to 1, this indicates completely random chains, whereas if 0 then this indicates diblock copolymers [41]. The copolymer containing 30% of glycolidyl units is completely random with R is close to 1 (Table 4, entry 1), and the glycolidyl chain length is shorter than the caproyl one. When the content of glycolidyl is increased to 50% (Table 4, entry 2), higher leGLc, leCLc and lower R values were obtained which indicated a blockier structure and less transesterification. Therefore, 1 is a useful initiator for the copolymerization of ε-CL and GL, and the randomness of the sequences can be adjusted by the ratio of ε-CL and GL.




3.3. The ROP of Cross-Linked PCL Catalyzed by the Aluminum Complexes


Core cross-linked poly(CL-co-BOD) polymers (BOD = 4,4′-bioxepane-7,7′-dione) were synthesized via a two-step method (Scheme 2). In the first step, ε-CL was polymerized in the presence of complex 1 and the initiator benzyl alcohol in the ratio 250:1:1 (100 oC) to produce living linear PCL arms. On completion of the first step (conversion = 99%, 1 h), BOD and 1 in toluene were added to the reaction solution (CL/BOD = 250:25 = 10). The BOD is a cross-linking component, which produces the core structure under ROP conditions. The molecular structure of poly(CL-co-BOD) was confirmed by 1H NMR (Figure 8). The BnOH end group, BOD and ε-CL peaks in the copolymer were evident in Figure 8, however, it proved difficult to calculate the BOD conversion given that peaks due to polyBOD and PCL were indistinguishable [42]. The mole ratio of CL:BOD monomer is 19.55 (verified by the integral peak area) which indicated that nearly half the BOD monomer are either pendant or unreacted in the poly(CL-co-BOD) core. We assume here that conversion of BOD is 51% according to the remaining BOD monomer. Analysis by GPC of the cross-linked polymer showed that the poly(CL-co-BOD) (Table 5, entry 1 and Figure S14) exhibited high Mn = 308,000, which is much larger than PCL (Mn = 17,000) (Table 5, entry 2), and narrow PDI = 1.71. The data suggested that complex 1 can be used to synthesize cross-linked PCL with high Mn.





4. Materials and Methods


The preparation of the aluminum or zinc complexes and the ring opening polymerizations were carried out under an inert atmosphere of dry nitrogen by using Schlenk systems, cannula techniques or a glove box. Toluene (Aldrich, Dorset, UK) was refluxed over Na-benzophenone/Ketyl (Aldrich, Dorset, UK), acetonitrile (Aldrich, Dorset, UK) was refluxed over calcium hydride (Aldrich, Dorset, UK), whilst benzyl alcohol (Aldrich, Dorset, UK) was dried over molecular sieves. ε-CL (Aldrich, Dorset, UK) and 2,4-dimethoxyaniline (Alpha Aesar, Lancashire, UK) were dried over calcium hydride, and were distill prior to use. The purity of the monomers ε-CL and GL were determined to be 99.6 and 99.5 %, respectively (determined by 1H NMR spectroscopy, JEOL ECZ 400S spectrometer, Tokyo, Japan). 3,5-Di-tert-butyl-2-hydroxybenzaldehyde (Matrix Scientific, Columbia, SC, U.S.A.), 3,4,5-trimethoxyaniline (Alpha Aesar, Tewksbury, MA, U.S.A.), diethylzinc (ZnEt2) (0.9 M in hexane) (Acros Organics, Loughborough, UK), trimethylaluminum (AlMe3) (2.0 M in toluene) (Aldrich, Dorset, UK) were purchased from commercial sources and used directly. 2,4,6-Trimethoxyaniline and Complex 5 was prepared by the reported procedure [25]. NMR spectra were recorded at 400.2 MHz on a JEOL ECZ 400S spectrometer (JEOL Ltd., Tokyo, Japan ) with TMS δH = 0 as the internal standard or residual protic solvent [CD3CN, δH =1.94]. Chemical shifts are given in ppm (δ) and coupling constants (J) are given in Hertz (Hz). Elemental analyses were performed by the elemental analysis service at the Department of Chemistry, the University of Hull or OEA labs Ltd. FTIR spectra (nujol mulls, KBr windows) were recorded on a Nicolet Avatar 360 FT-IR spectrometer (Thermo Nicolet Corporation., Madison, WI, U.S.A.). MALDI-TOF mass spectra (Bruck, Hull, UK) were acquired by averaging at least 100 laser shots. Molecular weights were calculated from the experimental traces using the OmniSEC 467 (Thermo Nicolet Corporation., Madison, WI, U.S.A.).



4.1. Synthesis of 2,4-Di-Tert-Butyl-6-(((3,4,5-Trimethoxyphenyl)Imino)Methyl)Phenol (L1H)


L1H was prepared according to a procedure described previously for related Schiff bases [21,22,43]. 3,5-di-tert-butyl-2-hydroxybenzaldehyde (3.51 g, 15.00 mmol) was mixed with 3,4,5-trimethyoxyaniline (2.75 g, 15.03 mmol) in refluxing ethanol (200 mL). A yellow crystalline solid separated slowly upon stirring. The resulting mixture was stirred for 4 h and the solid was isolated by filtration then washed with ice-cold methanol (30 mL). The solid was further recrystallized from dichloromethane (10 mL)/methanol (30 mL). Yield: 54% (3.23 g). 1H NMR (400 MHz, CD3CN, 25 °C): δ 8.84 (s, 1H, CH=N), 7.48–7.49 (d, J = 2 Hz, 1H, ArH), 7.42–7.43 (m, 1H, ArH), 6.72 (s, 2H, ArH), 3.87 (s, 6H, CH3), 3.73 (s, 3H, CH3), 1.45 (s, 9H, tBu), 1.33 (s, 9H, tBu). IR (KBr disc, cm−1): 2950 (ν Ph-H), 1615 (ν C=N), 1228 (ν C–O–).




4.2. Synthesis of 2,4-Di-Tert-Butyl-6-(((2,4,6-Trimethoxyphenyl)Imino)Methyl)Phenol (L2H)


L2H was prepared using a procedure similar to that described for L1H. 3,5-di-tert-butyl-2-hydroxybenzaldehyde (3.51 g, 15.00 mmol) was mixed with 2,4,6-trimethyoxyaniline (2.75 g, 15.01 mmol) in refluxing ethanol (200 mL). An orange crystalline solid separated slowly upon stirring. The resulting mixture was stirred for 4 h and the solid was isolated by filtration then washed with ice-cold methanol (30 mL). The solid was further recrystallized from dichloromethane (10 mL)/methanol (30 mL). Yield: 70% (4.19 g). 1H NMR (400 MHz, CD3CN, 25 °C): δ 9.16 (s, 1H, CH=N), 7.41, 7.40 (d, J = 2.5, 1H, ArH), 7.29, 7.28 (t, J = 1.9 Hz, 1H, 1H, ArH), 6.32 (s, 2H, ArH), 3.88 (s, 6H, OCH3), 3.84 (s, 3H, OCH3), 1.45 (s, 9H, tBu), 1.32 (s, 9H, tBu). IR (KBr disc, cm−1): 1611 (ν C=N), 1230 (ν C–O–).




4.3. Synthesis of 2,4-Di-Tert-Butyl-6-(((2,4-Trimethoxyphenyl)Imino)Methyl)Phenol (L3H)


L3H was prepared using a procedure similar to that described for L1H. 3,5-di-tert-butyl-2-hydroxybenzaldehyde (5.80 g, 24.78 mmol) was mixed with 2,4-dimethyoxyaniline (3.80 g, 24.78 mmol) in refluxing ethanol (200 mL). An orange crystalline solid separated slowly upon stirring. The resulting mixture was stirred for 4 h and the solid was isolated by filtration then washed with ice cold methanol (30 mL). The solid was further recrystallized from dichloromethane (10 mL)/methanol (30 mL). Yield: 33% (3.00 g). 1H NMR (400 MHz, CD3CN, 25 °C): δ 8.78 (s, 1H, CH=N), 7.42 (d, J = 2.5 Hz, 1H, ArH), 7.34 (d, J = 2.5 Hz, 1H, ArH), 7.29 (d, J = 8.7 Hz, 1H, ArH), 6.62 (d, J = 2.7 Hz, 1H, ArH), 6.57 (dd, J = 8.7, 2.7 Hz, 1H, ArH), 3.87 (s, 3H, OCH3), 3.80 (s, 3H, OCH3), 1.42 (s, 9H, tBu), 1.29 (s, 9H, tBu). IR (KBr disc, cm−1): 1616 (ν C=N), 1250 (ν C–O–).




4.4. Synthesis of 2,4-Di-Tert-Butyl-6-((Phenylimino)Methyl)Phenol (L4H)


L2H was prepared using a procedure similar to that described for L1H. 3,5-di-tert-butyl-2-hydroxybenzaldehyde (11.71 g, 50.00 mmol) was mixed with aniline (4.65 mL, 50.00 mmol) in refluxing ethanol (200 mL). An orange crystalline solid separated slowly upon stirring. The resulting mixture was stirred for 4 h and the solid was isolated by filtration then washed with ice cold methanol (30 mL). The solid was further recrystallized from dichloromethane (10 mL)/methanol (30 mL). Yield: 80% (12.38 g). 1H NMR (400 MHz, CD3CN, 25 °C): δ 8.81 (s, 1H, CH=N), 7.50–7.29 (m, 7H, ArH), 1.45 (s, 9H, tBu), 1.33 (s, 9H, tBu). IR (KBr disc, cm−1): 3174 (ν OH), 3062 (ν Ph−H), 1618 (ν C=N), 1250 (ν C–O–).




4.5. Synthesis of [Al(L1)(Me)2] (1)


In a 25 mL Schlenk tube under nitrogen, L1H (0.27 g, 0.68 mmol) was dissolved in dry toluene (20 mL), one equivalent of AlMe3 (0.35 mL, 0.68 mmol) was added dropwise into the reaction solution. The system was refluxed for 12 h, and following removal of volatiles in vacuo, the residue was extracted in warm MeCN (15 mL), affording on prolonged standing in the refrigerator (5 °C) small, yellow crystals. Yield 52% (0.14 g). Anal. Calcd for C26H38NO4Al (455.55 g mol−1): C, 68.55; H, 8.41; N, 3.07%; Found: C, 67.79; H, 8.22; N, 3.42%. HR-MS (EI): m/z 457.24 [Al(L1)(Me)2 + H]+, 400.31 [Al(L1)(Me)2 − Al(Me)2 + H]+. 1H NMR (400 MHz, CD3CN, 25 °C): δ 8.82 (s, 1H, CH=N), 7.58–7.59 (d, J = 2.8, 1H, ArH), 7.36–7.35 (m, J = 2.8, 1Hc, ArH), 6.70 (s, 2H, ArH), 3.82 (s, 6H, CH3), 3.72 (s, 3H, CH3), 1.41 (s, 9H, tBu), 1.33 (s, 9H, tBu), −0.79 (s, 6H, AlMe2). IR (KBr disc, cm−1): 1613 (ν C=N), 1237 (ν C–O–), 708 (ν Al–O), 587 (ν Al–N), 609 (ν Al–C).




4.6. Synthesis of [Al(L2)(Me)2] (2)


The synthesis of 2 was carried out according to the same procedure as for 1, but using L2H. Yield 34% (0.093 g). Anal. Calcd for C26H38NO4Al (455.55 g mol−1): C, 68.55; H, 8.41; N, 3.07%; Found: C, 67.94; H, 8.36; N, 3.11%. HR-MS (EI): m/z 400.27 [Al(L2)(Me)2 − Al(Me)2 + H]+. 1H NMR (400 MHz, CD3CN, 25 °C): δ 8.58 (s, 1H, CH=N), 7.57–7.58 (d, J = 2.4, 1H, ArH), 7.22–7.21 (d, J = 2.8, 1Hc, ArH), 6.34 (s, 2H, ArH), 3.82 (s, 6H, OCH3), 3.86 (s, 3H, OCH3), 1.41 (s, 9H, tBu), 1.30 (s, 9H, tBu), −1.00 (s, 6H, AlMe2). IR (KBr disc, cm−1): 1614 (ν C=N), 1230 (ν C–O–), 705 (ν Al–O), 575 (ν Al–N), 604 (ν Al–C).




4.7. Synthesis of [Al(L3)(Me)2] (3)


The synthesis of 3 was carried out according to the same procedure as for 1, but using L3H. Yield 40% (0.15 g). Anal. Calcd for C25H36NO3Al (425.55 g mol−1): C, 70.56; H, 8.53; N, 3.29%; Found: C, 68.83; H, 8.21; N, 3.27 %.* HR-MS (EI): m/z 427.30 [Al(L3)(Me)2 + H]+, 370.24 [Al(L3)(Me)2 − Al(Me)2 + H]+. 1H-NMR (400 MHz, CD3CN, 25 °C): δ 8.58 (s, 1H, CH=N), 7.57 (d, J = 2.5 Hz, 1H, ArH), 7.33 (d, J = 2.8 Hz, 1H, ArH), 7.28 (d, J = 8.7 Hz, 1H, ArH), 6.63 (t, J = 8.4 Hz, 2H, ArH), 3.89 (s, 3H, OCH3), 3.84 (s, 3H, OCH3), 1.41 (s, 9H, tBu), 1.31 (s, 9H, tBu), −0.93(s, 6H, AlMe2). IR (KBr disc, cm−1): 1615 (ν C=N), 1240 (ν C–O–), 755 (ν Al–O), 579 (ν Al–N), 676 (ν Al–C). * Despite repeated attempts, the %C was also low.




4.8. Synthesis of [Al(L4)(Me)2] (4)


The synthesis of 4 was carried out following the previous report [25]. A mixture of L4H (3.68 g, 11.89 mmol) and AlMe3 (6 mL, 12.00 mmol) in toluene (20 mL) was stirred for 12 h at 150 °C. Volatile materials were removed under vacuum to give yellow needle crystals, and then acetonitrile (20 mL) was transferred to the suspension. A yellow crystalline solid was obtained after filtering and prolonged standing at 0 °C. Yield 78% (3.37 g). HR-MS (EI): m/z 367.28 [Al(L4)(Me)2 + H]+, 310.22 [Al(L4)(Me)2 − Al(Me)2 + H]+. 1H NMR (400 MHz, CD3CN, 25 °C): δ 8.52 (s, 1H, CH=N), 7.59–7.60 (d, J = 2.4 Hz, 1H, ArH), 7.26–7.51 (m, 6H, ArH), 1.43 (s, 9H, tBu), 1.40 (s, 9H, tBu), −1.16 (s, 6H, AlMe2). IR (KBr disc, cm−1): 1614 (ν C=N), 1230 (ν C–O–), 705 (ν Al–O), 575 (ν Al–N), 604 (ν Al–C).




4.9. Synthesis of [Zn(L1)2]·2CH3CN (5)


Synthesis of 5 was carried out according to the same procedure as 1, but using diethyl zinc. Yield 48% (0.13 g). Anal. Calcd for C52H70N4O8Zn (944.53 g mol−1): C, 66.13; H, 7.47; N, 5.93%; Found: C, 66.35; H, 8.05; N, 5.30%. HR-MS (EI): m/z 370.34 [Zn(L1)2 − Zn(L1) − (Me)2 + H]+, 400.29 [Zn(L1)2 − (Zn(L1)) + H]+. 1H NMR (400 MHz, CD3CN, 25 °C): δ 8.65 (s, 2H, CH=N), 7.51–7.50 (d, J = 2.4, 2H, ArH), 7.26–7.27 (d, J = 2.4, 2H, ArH), 6.44 (s, 4H, ArH), 3.62 (s, 6H, OCH3), 3.46 (s, 12H, OCH3), 1.38 (s, 18H, tBu), 1.32 (s, 18H, tBu). IR (KBr disc, cm−1): 1612 (ν C=N), 1237 (ν C–O–), 661 (ν Zn–O), 598 (ν Zn–N).




4.10. Synthesis of [Zn(L2)2] (6)


The synthesis of 6 was carried out according to the same procedure as 5, but using L2H. Yield 40% (0.11 g). Anal. Calcd for C48H64N2O8Zn (862.43 g mol−1): C, 66.85; H, 7.48; N, 3.25%. Found: C, 66.61; H, 7.52; N, 3.94%. HR-MS (EI): m/z 400.26 [Zn(L2)2 − (Zn(L2)) + H]+. 1H NMR (400 MHz, CD3CN, 25 °C): δ 8.36 (s, 2H, CH=N), 7.39–7.38 (d, J = 2.8 Hz, 2H, ArH), 6.96–6.95 (d, J = 2.8, 2H, ArH), 6.00 (s, 4H, ArH), 3.74 (s, 6H, OCH3), 3.52 (s, 12H, OCH3), 1.33 (s, 18H, tBu), 1.28 (s, 18H, tBu). IR (KBr disc, cm−1): 1614 (ν C=N), 1227 (ν C–O–), 687 (ν Zn–O), 571 (ν Zn–N).




4.11. Synthesis of [Zn(L3)2] (7)


Synthesis of 7 was carried out according to the same procedure as 5, but using L3H as ligand to react with diethyl zinc. Yield 60% (0.20 g). Anal. Calcd for C46H60N2O6Zn (802.37 g mol−1): C, 68.86; H, 7.54; N, 3.49%. Found: C, 68.71; H, 7.88; N, 3.75%. HR-MS (EI): m/z 801.41 [Zn(L3)2 + H]+. 1H NMR (400 MHz, CD3CN, 25 °C): δ 8.50 (s, 2H, CH=N), 7.32–7.33 (d, J = 2.8 Hz, 2H, ArH), 7.11–7.13 (q, J = 2.9 Hz, 4H, ArH), 6.44–6.47 (dd, J = 8.7 Hz, 2H, ArH), 6.37–6.38 (d, J = 2.5 Hz, 2H, ArH), 3.72 (s, 6H, OCH3), 3.37 (s, 6H, OCH3), 1.26 (s, 18H, tBu), 1.14 (s, 18H, tBu). IR (KBr disc, cm−1): 1616 (ν C=N), 1258 (ν C–O–).




4.12. Synthesis of [Zn(L4)2] (8)


Synthesis of 8 was carried out according to the same procedure as 5, but using L4H. Yield 75% (0.45 g). Anal. Calcd for C42H52N2O2Zn (682.27 g mol−1): C, 73.94; H, 7.68; N, 4.11%. Found: C, 73.60; H, 7.62; N, 3.82%. HR-MS (EI): m/z 310.23 [Zn(L4)2 − (Zn(L2)) + H]+. 1H NMR (400 MHz, CD3CN, 25 °C): δ 8.58 (s, 2H, CH=N), 7.49 (d, J = 6.4 Hz, 2H, ArH), 7.29–7.15 (m, 12H, ArH), 1.34 (s, 18H, tBu), 1.28 (s, 18H, tBu). IR (KBr disc, cm−1): 1612 (ν C=N), 1254 (ν C−O−), 744 (ν Zn−O).




4.13. ROP of ε-Caprolactone (ε-CL)


All polymerizations were carried out in Schlenk tubes under nitrogen atmosphere. ε-CL was polymerized using complexes 1–8 in the presence of BnOH (0.1 M in toluene) as a co-initiator. Complexes were weighed out in the glove box and then initiator and monomer were added to the flask successively via syringe. The molar ratio of monomer/catalyst/BnOH ([CL]/[Cat]/[BnOH]) is presented in Table 3. The reaction mixture was then placed into an oil bath preheated to the required temperature. The reaction was quenched by the addition of an excess of glacial acetic acid (0.2 mL), then the reaction solution was then poured into cold methanol (20 mL). The reaction conversion was monitored by 1H NMR (400 MHz, CDCl3, 25 °C) spectroscopic studies. The resulting polymer was washed several times with methanol, collected on filter paper and then dried under vacuum to constant weight at 40 °C. GPC (in THF) were used to determine molecular weights (Mn and PDI) of the polymer products.




4.14. ROP of Copolymerization of ε-Caprolactone (ε-CL) and Glycolide (GL)


All polymerizations were carried out in Schlenk tubes under nitrogen atmosphere. ε-CL and GL were polymerized using complexes 1 (0.03 g) in the presence of BnOH (6.58 mL) (0.1 M in toluene) as a co-initiator. The reaction mixture was then placed into an oil bath preheated to the required temperature 100 °C. The reaction was quenched by the addition of an excess of glacial acetic acid (0.2 mL), then the reaction solution was then poured into cold methanol (20 mL). The precipitated polymers were recovered by filtration, washed with methanol and dried at 60 °C overnight in a vacuum oven.




4.15. Polymerization Kinetics


Kinetic experiments were carried out following the previous polymerization method. At regular time intervals, 0.05 mL aliquots were removed, quenched with wet CDCl3 (1 mL), and analyzed by 1H NMR spectroscopy.




4.16. 4,4′-Bioxepane-7,7′-Dione (BOD) Cross Linker


4,4′-Bioxepane-7,7′-dione (BOD) was synthesized according to the literature [44]. A solution of 20.0 g of urea hydrogen peroxide in 100 mL of formic acid (99%) was stirred at room temperature for 2 h. The flask was immersed in an ice bath to control the exotherm resulting from the former procedure. Then, 10 g of 4,4′-bicyclohexanone was slowly added over 5–10 min with stirring while the ice bath was changed periodically. After 4 h, 200 mL of water was added to the mixture followed by extraction with chloroform (4 times 100 mL), after which the organic fractions were collected, washed with a saturated aqueous of sodium bicarbonate solution and dried overnight with sodium sulfate. The combined organic fractions were concentrated and dried under reduced pressure to yield a white powder (3.07, 27%). 1H NMR (400 MHz, CDCl3, 25 °C): δ 4.35–4.28 (m, 2H), 4.19–4.11 (m, 2H), 2.75–2.66 (m, 2H), 2.61–2.54 (dd, J = 14.1, 12.5 Hz, 2H), 1.90–1.80 (m, 4H), 1.67–1.66 (m, 4H), 1.54–1.42 (m, 2H).




4.17. X-ray Crystallography


In all cases, crystals suitable for an X-ray diffraction study were grown from a saturated MeCN solution at 0 °C. All (except 7) single crystal X-ray diffraction data were collected at the UK National Crystallography service using Rigaku Oxford Diffraction ultra-high intensity instruments employing modern areas detectors. In all cases, standard procedures were employed for integration and processing of data. Data for 7 was collected at Hull on a Stoe IPDS2 image plate diffractometer operating with Mo Kα radiation. Data were integrated and reduced using Stoe X-RED software.



Crystal structures were solved using dual space methods implemented within SHELXT [45]. Completion of structures was achieved by performing least squares refinement against all unique F2 values using SHELXL-2018 [46]. Cambridge Crystallographic Data Centre (CCDC) numbers 2094365-69 and 2,099,692 contain the supplementary crystallographic data.





5. Conclusions


We have carried out a comparative study of the effect of methoxy substituents (2,4-, 2,4,6- and 3,4,5-patterns versus no methoxy substituents) at the aniline derived ring in a series of Schiff-base organoaluminum and zinc complexes. In the series [Al(Ln)(Me)2], for the ROP of ε-CL in the presence (or absence) of BnOH, all complexes exhibited an induction period of up to 20 min., and there after the results indicated that ligands derived from anilines bearing 3,4,5-methoxy substituents favored the ROP process in terms of rate (with 1st order kinetics), molecular weight and control. The 3,4,5-methoxy containing system was also capable of the efficient ROP of ε-CL under air. The same complex was also capable of the copolymerization of ε-CL and glycolide (GL), as well as forming cross-linked PCL in the presence of 4,4′-bioxepane-7,7′-dione. In the case of the [Zn(Ln)2] series, results again indicated that the system bearing the 3,4,5-methoxy motif most greatly favored the ROP process. The zinc complexes did not exhibit an induction period and all performed the ROP with 1st order kinetics. The aluminum systems outperformed (in terms of rate) the zinc systems.
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Table A1. Crystallographic data and refinement details for compounds 1–3, 5–7.






Table A1. Crystallographic data and refinement details for compounds 1–3, 5–7.





	
Compound

	
1

	
2

	
3

	
5

	
6

	
7






	
Empirical formula

	
C26H38NO4Al

	
C26H38NO4Al

	
C25H36NO3Al

	
C52H70N4O8Zn

	
C48H64N2O8Zn

	
C48H60N2O6Zn




	
Formula weight

	
455.55

	
455.55

	
425.53

	
944.49

	
862.40

	
802.33




	
Crystal system

	
Tetragonal

	
Triclinic

	
Monoclinic

	
Orthorhombic

	
Monoclinic

	
Monoclinic




	
Temp (K)

	
100(2)

	
100(2)

	
100(2)

	
100(2)

	
100(2)

	
150(2)




	
Wavelength/Å

	
1.54178

	
0.71075

	
1.54178

	
0.71075

	
1.54178

	
0.71073




	
Space group

	
P42/n

	
P-1

	
P 21/c

	
Pbca

	
I 2/a

	
P 21/n




	
a/Å

	
28.9022(5)

	
8.77450(10)

	
10.49237(5)

	
16.8034(4)

	
13.0291(4)

	
13.3203(9)




	
b/Å

	
28.9022(5)

	
11.85330(10)

	
20.94049(12)

	
20.9651(5)

	
27.0249(8)

	
10.1701(4)




	
c/Å

	
6.0320(2)

	
12.71810(10)

	
11.23374(5)

	
28.4430(7)

	
27.2058(8)

	
32.869(2)




	
α/°

	
90

	
101.2730(10)

	
90

	
90

	
90

	
90




	
β/°

	
90

	
94.7670(10)

	
94.2834(4)

	
90

	
90.472(3)

	
92.384(5)




	
γ/°

	
90

	
93.6800(10)

	
90

	
90

	
90

	
90




	
V/Å3

	
5038.8(2)

	
1288.38(2)

	
2461.33(2)

	
10020.0(4)

	
9579.1(5)

	
4448.9(4)




	
Z

	
8

	
2

	
4

	
8

	
8

	
4




	
Dcalc/g cm−3

	
1.201

	
1.174

	
1.148

	
1.252

	
1.196

	
1.198




	
F (000)

	
1968

	
492

	
920

	
4032

	
3680

	
1712




	
µ/mm−1

	
0.948

	
0.109

	
0.906

	
0.546

	
1.121

	
0.599




	
θ range

	
2.162–64.995

	
2.337–24.998

	
3.896–75.379

	
2.071–25.000

	
2.3040–68.480

	
1.240–26.215




	
Crystal size/mm

	
0.300 × 0.200 × 0.200

	
0.340 × 0.300 × 0.200

	
0.150 × 0.120 × 0.110

	
0.080 × 0.050 × 0.030

	
0.320 × 0.040 × 0.040

	
0.400 × 0.320 × 0.240




	
Reflns collected

	
66,305

	
9350

	
85,197

	
50,096

	
8821

	
20,791




	
Reflns unique

	
4278

	
9350

	
4659

	
8814

	
8821

	
8877




	
Rint

	
0.1663

	
0.0234

	
0.0468

	
0.0650

	
0.1309

	
0.0551




	
R1;wR2 [I > 2σ(I)]

	
0.0691; 0.1785

	
0.0420; 0.1202

	
0.0327; 0.0319

	
0.0434; 0.0925

	
0.0441; 0.1179

	
0.0386; 0.0644




	
R1; wR2 (all data)

	
0.0828; 0.1879

	
0.0445; 0.1226

	
0.0856; 0.0850

	
0.0620; 0.1003

	
0.0510; 0.1212

	
0.0868; 0.0709




	
Parameters

	
300

	
301

	
281

	
606

	
551

	
490




	
GOF (F2)

	
1.050

	
1.030

	
1.036

	
1.061

	
1.058

	
0.765




	
Largest diff. peak and hole/e.Å−3

	
0.348 and

	
0.579 and

	
0.268 and

	
0.298 and

	
1.063 and

	
0.396 and




	
−0.367

	
−0.339

	
−0.267

	
−0.412

	
−0.566

	
−0.358
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Figure 1. ORTEP drawing (20% probability) of complexes (a) [Al(L1)(Me)2] (1); (b) [Al(L2)(Me)2] (2); (c) [Al(L3)(Me)2] (3). Hydrogen atoms are omitted for clarity. 
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Scheme 1. Structures of the aluminum and zinc complexes 1–8 prepared herein. 
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Figure 2. ORTEP drawing (20% probability) of complexes (a) [Zn(L1)2] (5); (b) [Zn(L2)2] (6); (c) [Zn(L3)2] (7)). Hydrogen atoms are omitted for clarity. 
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Figure 3. Plots of ln([CL]0/[CL]t) versus time catalyzed by organoaluminum complexes 1 ( [image: Catalysts 11 01090 i001]), 2 ( [image: Catalysts 11 01090 i002]), 3 ( [image: Catalysts 11 01090 i003]), 4 ( [image: Catalysts 11 01090 i004]); reaction conditions: [CL]:[catalyst]:[BnOH] = 250:1:1, [CL] = 16.44 mmol, [BnOH] = 0.01 M, reaction temperature: 100 °C. 
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Figure 4. Plots of ln([CL]0/[CL]t) versus time catalyzed by zinc complexes 5 ( [image: Catalysts 11 01090 i005]), 6 ( [image: Catalysts 11 01090 i006]), 7 ( [image: Catalysts 11 01090 i007]), 8 ( [image: Catalysts 11 01090 i008]); Reaction conditions: [CL]:[catalyst]:[BnOH] = 250:1:1, [CL] = 16.44 mmol, [BnOH] = 0.01 M, reaction temperature: 100 °C. 






Figure 4. Plots of ln([CL]0/[CL]t) versus time catalyzed by zinc complexes 5 ( [image: Catalysts 11 01090 i005]), 6 ( [image: Catalysts 11 01090 i006]), 7 ( [image: Catalysts 11 01090 i007]), 8 ( [image: Catalysts 11 01090 i008]); Reaction conditions: [CL]:[catalyst]:[BnOH] = 250:1:1, [CL] = 16.44 mmol, [BnOH] = 0.01 M, reaction temperature: 100 °C.
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Figure 5. 1H NMR spectrum of PCL initiated by complex 1 in the ratio of [CL]:[catalyst]:[BnOH] = 250:1:1 (CDCl3, 25 °C, 400 MHz) (Table 3, entry 1). 
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Figure 6. MALDI-TOF analysis for the PCL produced by complex 1 ([CL]:[catalyst]:[BnOH] = 250:1:1, 100 °C). 
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Figure 7. 1H NMR spectroscopic analysis of the ε-CL/GL copolymer produced by complex 1. 
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Scheme 2. Synthesis of core cross–linked polymer via ring-opening polymerization. 
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Figure 8. 1H NMR (CDCl3, 400 MHz) analysis for BOD monomer (top) and cross-linked poly(CL-co-BOD) (bottom) produced by 1 ([CL]:[BOD]:[catalyst]:[BnOH] = 250:25:1:1, 100 °C). 
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Table 1. Selected bond lengths (Å) and angles (°) for the complexes 1–3, 5–7.
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	-
	1
	2
	3
	-
	5
	6
	7





	Bond length(Å)
	-
	-
	-
	-
	-
	-
	-



	Al(1)–O(1)
	1.7650(2)
	1.7895(11)
	1.8038(8)
	Zn(1)–O(1)
	1.9077(15)
	1.9335(19)
	1.9583(17)



	Al(1)–C(22)
	1.9550(4)
	1.9592(17)
	1.9626(12)
	Zn(1)–O(2)
	1.9088(15)
	1.9338(18)
	1.9573(18)



	Al(1)–C(23)
	1.9610(3)
	1.9614(17)
	1.9652(12)
	Zn(1)–N(1)
	1.9998(18)
	2.026(2)
	2.027(3)



	Al(1)–N(1)
	1.9800(3)
	1.9570(14)
	1.9923(10)
	Zn(1)–N(2)
	2.0089(18)
	2.032(2)
	2.026(2)



	Bond angles(°)
	-
	-
	-
	-
	-
	-
	-



	O(1)–Al(1)–C(22)
	109.08(14)
	109.00(6)
	107.68(5)
	O(1)–Zn(1)–O(2)
	122.14(7)
	97.45(8)
	117.54(8)



	O(1)–Al(1)–C(23)
	113.48(13)
	112.77(6)
	105.41(4)
	O(1)–Zn(1)–N(1)
	96.84(7)
	93.54(9)
	101.30(8)



	C(22)–Al(1)–C(23)
	119.12(16)
	121.35(7)
	123.31(5)
	O(2)–Zn(1)–N(1)
	111.25(7)
	146.25(9)
	91.96(9)



	O(1)–Al(1)–N(1)
	94.59(10)
	93.74(5)
	91.19(4)
	O(1)–Zn(1)–N(2)
	111.20(7)
	138.49(8)
	92.29(8)



	C(22)–Al(1)–N(1)
	108.91(13)
	110.62(7)
	111.29(5)
	O(2)–Zn(1)–N(2)
	95.76(7)
	92.70(8)
	105.58(9)



	C(23)–Al(1)–N(1)
	108.81(13)
	105.78(7)
	112.63(5)
	N(1)–Zn(1)–N(2)
	121.63(7)
	99.93(8)
	149.77(9)
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Table 2. Some relevant IR spectral data of complexes 1–3, 5–7 and L1−3H (cm−1).
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	-
	ν (C=N)
	ν (C–O)
	ν (M–O)
	ν (M–N)
	ν (Al–C)





	1
	1613
	1237
	708
	587
	609



	2
	1614
	1230
	705
	575
	604



	3
	1615
	1240
	755
	579
	676



	5
	1612
	1237
	661
	598
	-



	6
	1614
	1227
	687
	571
	-



	7
	1616
	1258
	-
	-
	-



	L1H
	1614
	1249
	-
	-
	-



	L2H
	1619
	1230
	-
	-
	-



	L3H
	1616
	1250
	-
	-
	-
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Table 3. The ROP of ε-CL catalyzed by 1–8 a.
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Entry

	
Complex

	
[CL]:[Cat]

	
T

	
Time

	
Conversion

	
Mn,calc

	
Mn,GPC

	
Mw,GPC

	
Mw/Mne




	
:[BnOH]

	
(°C)

	
(min)

	
(%) b

	
(Da) c

	
(Da) d

	
(Da) d






	
1

	
1

	
250:1:1

	
100

	
40

	
99

	
28,358

	
17,000

	
28,000

	
1.74




	
2

	
2

	
250:1:1

	
100

	
120

	
99

	
28,358

	
16,000

	
30,000

	
1.87




	
3

	
3

	
250:1:1

	
100

	
100

	
98

	
27,183

	
16,000

	
30,200

	
1.90




	
4

	
4

	
250:1:1

	
100

	
120

	
99

	
28,358

	
12,000

	
28,100

	
2.41




	
5

	
5

	
250:1:1

	
100

	
460

	
95

	
27,183

	
14,500

	
15,000

	
1.03




	
6

	
6

	
250:1:1

	
100

	
720

	
99

	
28,358

	
6700

	
7300

	
1.10




	
7

	
7

	
250:1:1

	
100

	
470

	
98

	
28,072

	
7100

	
8300

	
1.18




	
8

	
8

	
250:1:1

	
100

	
1560

	
95

	
27,183

	
7800

	
9100

	
1.18




	
9

	
1

	
250:1:1

	
25

	
720

	
4

	
-

	
-

	
-

	
-




	
10

	
1

	
250:1:1

	
50

	
1080

	
99

	
28,358

	
22,100

	
33,000

	
1.46




	
11

	
2

	
250:1:1

	
50

	
1080

	
90

	
25,790

	
20,000

	
39,000

	
1.96




	
12

	
3

	
250:1:1

	
50

	
1080

	
95

	
27,183

	
21,000

	
34,000

	
1.62




	
13

	
4

	
250:1:1

	
50

	
1080

	
85

	
24,363

	
20,237

	
39,000

	
1.93




	
14

	
5

	
250:1:1

	
50

	
1080

	
30

	
8669

	
5900

	
7000

	
1.20




	
15

	
6

	
250:1:1

	
50

	
1080

	
20

	
5821

	
3400

	
4400

	
1.28




	
16

	
7

	
250:1:1

	
50

	
1080

	
19

	
5530

	
3300

	
4300

	
1.29




	
17

	
8

	
250:1:1

	
50

	
1080

	
18

	
5821

	
5700

	
6800

	
1.20




	
18 f

	
1

	
250:1:1f

	
100

	
720

	
99

	
28,358

	
9200

	
16,000

	
1.75




	
19 f

	
5

	
250:1:1f

	
100

	
720

	
7

	
-

	
-

	
-

	
-




	
20

	
1

	
125:1:1

	
100

	
120

	
99

	
14,233

	
7300

	
11,300

	
1.56




	
21

	
1

	
500:1:1

	
100

	
120

	
99

	
56,716

	
24,000

	
49,400

	
2.04




	
22

	
1

	
250:1:0

	
100

	
35

	
99

	
28,250

	
76,000

	
210,000

	
2.75




	
23

	
1

	
250:1:1

	
100

	
40

	
99

	
28,358

	
17,000

	
28,000

	
1.74




	
24

	
1

	
250:1:2

	
100

	
115

	
99

	
14,233

	
6500

	
14,600

	
2.25




	
25

	
1

	
250:1:4

	
100

	
120

	
99

	
7200

	
3900

	
6200

	
1.60




	
26

	
5

	
250:1:0

	
100

	
120

	
40

	
28,250

	
25,500

	
62,500

	
2.45




	
27

	
5

	
250:1:1

	
100

	
120

	
51

	
27,183

	
14,500

	
15,000

	
1.03




	
28

	
5

	
250:1:2

	
100

	
120

	
26

	
8125

	
7800

	
10,500

	
1.34




	
29

	
5

	
250:1:4

	
100

	
120

	
13

	
4959

	
4000

	
5300

	
1.33








a Polymerizations were carried out in toluene, [CL]0 = 2 M. b Determined by 1H NMR spectroscopy. c Mn, calcd = ([CL]0/[cat]0) × Conv.% × 114.14; In the presence of BnOH, Mn,cal = 114.14 × ([CL]0/([BnOH]0) × conv. (%) + 108.13. d Obtained from GPC analysis and calibrated against the polystyrene standard, multiplied by 0.56. e Obtained from GPC analysis. f Reactions were carried out under air.
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Table 4. Copolymerization of glycolide and ε-CL catalyzed by 1 a.
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Entry.

	
[GL]:[Cl]

	
Conversion

	
Conversion

	
l eGLc

	
l eCLc

	
R d

	
Mn,GPC

	
MW,GPC

	
Mw/Mnf




	
(%)

	
(%) of GL b

	
(%) of CL b

	
(Da) e

	
(Da) e






	
1

	
150:350

	
97

	
86

	
0.79

	
2.97

	
0.96

	
19,900

	
59,400

	
2.99




	
2

	
250:250

	
98

	
97

	
1.31

	
5.73

	
0.58

	
8400

	
24,500

	
2.88








a Polymerization conditions: catalyst = 0.066 mmol; BnOH = 0.065 (0.01 M in toluene); T = 100 °C. b obtained by 1H NMR spectroscopy; c average length of glycolidyl (GL) and caprolactone (CL) blocks in completely random chains; calculated from 1H NMR (DMSO-d6). d R, degree of randomness. e obtained from GPC analysis and calibrated against the polystyrene standard, multiplied by 0.56. f Obtained from GPC analysis.
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Table 5. Polymerization data for poly(CL-co-BOD) catalyzed by 1 a.






Table 5. Polymerization data for poly(CL-co-BOD) catalyzed by 1 a.





	Entry.
	[CL]:[BOD]
	Conversion (%) of CL b
	Conversion (%) of BOD b
	Mn,GPC

(Da) c
	Mw,GPC

(Da) c
	Mw/Mnd





	1
	250:250
	99
	51
	308,000
	526,000
	1.71



	2
	250:0
	99
	-
	17,000
	28,000
	1.74







a Polymerizations were carried out in toluene, [CL]0 = 2 M. b Determined by 1H NMR spectroscopy. c Mn, calcd = ([CL]0/[cat]0) × Conv.% × 114.14. c Obtained from GPC analysis and calibrated against the polystyrene standard, multiplied by 0.56.d Obtained from GPC analysis.
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