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Abstract

:

To date, nickel(II) complexes have not been practically investigated as catalysts in ring-opening polymerization (ROP) of lactide to produce biodegradable poly(lactic acid), which is in demand in biomedicine and industry. In this study, carboxylate complexes of nickel(II) containing various N-donor ligands with different nuclearity, metal core rigidity and nature of carboxylate ligands were synthesized and studied by infrared spectroscopy, X-ray diffraction, elemental and thermogravimetric analyses. The obtained complexes were examined in the ROP of the rac-lactide in bulk and in toluene solution with and without the addition of a benzyl alcohol initiator. In the series of complexes studied, the complex [Ni(DBED)2(O2CC(CH3)3)2]·(CH3)3CCO2H (DBED is N,N′-dibenzylethylenediamine) was a syndioselective catalyst and showed the highest catalytic ability in the polymerization without the addition of benzyl alcohol. For this complex, according to 1D DOSY 1H NMR spectroscopy and mass spectrometry with electrospray ionization, polymerization is initiated by a free secondary amine, DBED, leaving the metal’s inner coordination sphere. Based on the experimental data obtained, a comprehensive density functional theory (DFT) study of the ROP pathways including the initiation and first chain growth cycle steps with a detailed description of the intermediates and evaluation of the energy barriers of the steps was carried out. It was shown that one of the key roles in the reaction process is played by carboxylate ligands, which act as proton carriers from the initiator molecule and have a significant influence on the reactivity of the catalytic metal complexes.
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1. Introduction


Poly(lactic acid) (or polylactide, PLA), which belongs to the class of aliphatic polyesters, is of great interest both for biomedical purposes and the manufacturing of various biodegradable consumer products and packaging materials [1,2,3,4,5,6,7,8,9,10]. Such interest is caused by the combination of biodegradability, biocompatibility, and the possibility to vary the mechanical properties of the materials made of this polymer. In addition, PLA is a thermoplastic polymer and is promising for replacing non-degradable petroleum-based plastics such as poly(ethylene terephthalate) and polystyrene [11,12,13]. Polylactide can be synthesized by direct polycondensation of lactic acid, but the optimal approach is catalytic ring-opening polymerization (ROP) of lactide [14,15]. The most effective catalysts for ROP are such homoleptic complexes as tin(II) octoate (2-ethylhexanoate) and aluminum(III) triisopropoxide [16,17,18]; however, only tin(II) octoate found industrial applications. Though this compound has undoubted advantages, it also has a number of significant drawbacks: complicated control over the PLA molecular weight characteristics, cytotoxicity [19,20], and difficulty of removal from the polymer mass. All of these factors can affect the engraftment and the environment negatively when using biomaterials and various products based on such PLA. Therefore, the development of biocompatible catalysts that allow obtaining PLA with high yield, different molecular weights and low cost is one of the priority tasks of both material science and fundamental chemistry.



A large number of different metal complex and organic catalysts have been studied [15,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35], but organocatalysts seem to be more promising due to the absence of metals in their composition. However, the development of effective organocatalysts is still in progress, since the application of the most promising of them for ROP in bulk is limited by the following disadvantages: catalysis of transesterification and racemization of the polymer, low thermal stability or lower activity compared to metal-containing catalysts [22]. A large number of coordination and organometallic compounds of transition, alkali and alkaline earth metals have been investigated in the ROP of lactide [32,33,36,37,38,39]. Among them, compounds of magnesium [40] and calcium [41], which are biocompatible and have less toxicity in comparison with transition metal compounds, are especially noteworthy. However, their industrial application for PLA production is limited because of the instability of the complexes containing metals of group 2A (IIA) in the air or in the presence of moisture. Various studies have indicated the influence of the substituents in the ligands [42], the nuclearity of the catalyst [39,43], and the solvent and the kind of the metal used [44,45] on their reactivity. In most cases, this is due to the fact that the catalytic ROP reaction of lactide occurs by the coordination-insertion mechanism in which the initial formation of the active metal complex with the initiator molecule is followed by its insertion into the lactide structure with ring opening [46,47].



It is known that nickel(II) complexes have demonstrated great potential for applications as catalysts in synthetic organic chemistry [48,49,50,51,52,53]. Furthermore, since nickel is found in the composition of metal hydrolase enzymes, nickel(II) coordination compounds have been studied as models of the active centers of such enzymes [54]. There are a few publications reporting that nickel(II) complexes are active in the ROP of lactide [55,56,57,58]. In particular, nickel complexes with Salen-type Schiff-base ligands were synthesized and characterized by square planar geometry for the Ni atom [55,56,57,58], and the supposed mechanism of polymerization in the presence of benzyl alcohol as an initiator was presented [55]. However, only one study has reported the catalytic activity of nickel(II) compounds in solution [55] which is probably due to the poor solubility of the complexes in the most suitable solvents to ensure the homogeneous polymerization of lactide. Thus, the influence of the structure of coordination compounds on the ROP of lactide as well as the mechanism of the reaction catalyzed by nickel(II) compounds practically have not been studied.



In this study, the air-stable and organic solvents soluble octahedral mononuclear and binuclear mixed-ligand carboxylate nickel(II) complexes containing various N-donor and carboxylate ligands were synthesized using a simple synthetic route and carefully characterized. The catalytic ability of the complexes prepared was investigated in the ROP of rac-lactide (rac-LA) both in bulk and in solution with and without the addition of an initiator to the system. Finally, a mechanism of the ROP of rac-LA catalyzed by the mononuclear complex, which demonstrated the best catalytic properties, was assumed based on the results of spectral analysis and quantum-chemical modeling.




2. Results and Discussion


2.1. Synthesis and Structure Characterization of Ni Complexes


In order to study the mixed-ligand nickel(II) carboxylate complexes with ethylenediamine derivatives as catalysts in ring-opening polymerization (ROP) of cyclic esters (primarily for D,L-lactide), two mononuclear complexes with trans-configuration and two binuclear aqua-bridged complexes containing different carboxylate ligands in their nature were obtained. The selection of N-donor ligands was conditioned by the requirement of solubility of the catalytically active complexes under study in the lactide bulk and nonpolar organic solvents used for ROP. Another reason was a choice of drastically different steric factors and the nature of the amino group determining the formation of only mononuclear complexes in the case of N,N′-dibenzylethylenediamine (DBED) and binuclear complexes with N,N,N′,N′-tetramethylethylenediamine (TEMED).



Mononuclear trans-[Ni(DBED)2(O2CCF3)2]·C6H6 (1), trans-[Ni(DBED)2(O2CC(CH3)3)2]·(CH3)3CCO2H (2) and binuclear [Ni2(μ-OH2)(μ-O2CCF3)2(O2CCF3)2(TEMED)2] (3) complexes were synthesized by reacting the appropriate nickel(II) carboxylates with the N-donor ligands DBED and TEMED. [Ni2(μ-OH2)(μ-O2CC6H5)2(O2CC6H5)2(TEMED)2] (4) was obtained by the “one pot” technique via the sequential reaction of synthetic Hellyerite (NiCO3·5.5H2O) [59] with benzoic acid and TEMED in acetonitrile solution. The synthesis of all complexes did not require special conditions and they were stable in air. The general scheme for obtaining 1–4 is presented in Figure 1. A detailed description of the synthetic procedures can be found in Section 3.3.



Complexes 1, 2, and 4 were synthesized for the first time. It should be noted that 4 was synthesized similarly to the procedure published for the preparation of [Ni2(μ-OH2)(μ-O2CCH(CH3)2)2L2-4((CH3)2CHCO2)2] (L—various N-donor ligands) [60]. Complex 3 is known and was prepared according to previously reported procedures [61]. The monocrystals of the complexes were obtained by slow concentration in the air from solutions: benzene/methanol (r.t.) (1), tetrahydrofurane/n-hexane (ref.) (2), ethanol (r.t.) (3), and acetonitrile/water (r.t.) (4). Complexes 1 and 2 crystallize in the space groups P-1 (triclinic) and P21/n (monoclinic), respectively. Nickel atoms in the molecular structures of these compounds have a distorted trans-NiN4O2 octahedral environment formed by four nitrogen atoms of two bidentate-coordinated DBED-k2N,N′ and two oxygen atoms of two O2CR-kO (R = CF3 (1) and C(CH3)3 (2)) occupying axial positions (Figure 2). In 1, each of the carboxylate ligands forms one intramolecular hydrogen bond with one of the NH groups of the DBED ligand (d(N2…O2) = 2.893 Å). In 2, the pivalic ligands form two hydrogen bonds with each NH group of the corresponding DBED ligands. The geometrical parameters of the intramolecular H-bonds 1 and 2 are summarized in Table S1 of Supplementary Materials.



In the crystal structure of compound 1, the molecules of the complex are connected into a polymer chain along the crystallographic axis [1 0 0] by two pairs of symmetric weak hydrogen bonds, C-H…F and N-H…F (Figure S1, Supplementary Materials). The emerging chains are combined into a three-dimensional supramolecular system due to weak C-H…O hydrogen bonds, as well as C-H…π interactions of the edge-to-face type involving phenyl fragments of DBED ligands. In addition, the molecules of the complex in the crystal are joined together by weak C-H…O hydrogen bonds with solvate benzene molecules along the crystallographic axis [1 0 1], with average C…O distances of 3.359 Å (See Figure S2, Supplementary Materials). According to the Hirschfeld surface (HS) analysis, the contributions of the observed interactions F…H, as well as H…O, H…H, C…H, and F…C in HS (Figure S3, Supplementary Materials) were 25.4, 4.1, 42.5, 24.2 and 1.7%, respectively.



Complexes 3 and 4 crystallize in the space groups P21/n (monoclinic) [61] and P-1 (triclinic), respectively. The nickel atoms in 3 and 4 have a distorted NiN2O4 octahedral environment formed by nitrogen atoms of bidentate coordinated TEMED-k2N,N′ and oxygen atoms of two µ-O2CR-k2O,O′, one µ-OH2, and two O2CR-kO. Two nickel ions are connected by bridging water molecules and two bridging carboxylate ligands O2CR (R = CF3 (3) and C6H5 (4)). The coordination environment of each nickel ion in both cases is complemented by one bidentate-coordinated TEMED ligand and one monodentate-coordinated carboxylate O2CR ligand. The monodentate coordinated carboxylate ligands of 3 and 4 form an intramolecular hydrogen bond with the bridged water molecule. Figure 3 shows the molecular structure of complex 4.



Binuclear aqua-bridged nickel(II) carboxylates possessing a similar structural motif are known [62,63,64,65] and were previously investigated as models of active centers of metal-containing hydrolases [54] and systems with interesting magnetic properties [66]. For compounds 3 and 4, the values of the main bond lengths and valence angles are close to those in complexes with a similar core [60]. In the crystal structure of compound 4, the subunits of the binuclear complexes are connected by two offset face-to-face π…π-stacking interactions (C23–C28…C23–C28 and C9–C14…C9–C14 atoms of C6H5 rings) with the formation of a zig-zag ensemble in the crystallographic axis [1 1 0] (Figure S4, Supplementary Materials). The distances between the symmetry centers of the phenyl substituents of the benzoate ligands in this interaction are Cg1…plane—3.421Å (Cg1 is the centroid of the C23-C28 C6H5 ring) and Cg2…plane—3.533Å (Cg2 is the centroid of the C9-C14 C6H5 ring), which is typical for this type of interaction [67,68]. Molecules 4 connect along the crystallographic axis [0 1 0] by C-H…π edge-to-face interactions of phenyl substituent of benzoate ligands (Figure S5, Supplementary Materials). The average C-H-plane distance of the aromatic system is 2.67 Å. The most intense bright red areas on the HS correspond to the C-H…π and C-H…O contact pairs (Figure S6a, Supplementary Materials). The C…C contact zones of π-stacking interactions on the HS over the shape index maps are areas with blue and red triangles united along a common vertex (Figure S6b, Supplementary Materials). The contributions of H…H, C…H, C…C, and H…O contacts to the HS are 69.2, 26.1, 1.7, and 3.0%, respectively. The values of the average bond lengths Ni-N (DBED, TEMED) and Ni-O (O2CR, OH2) of the metal cores 1–4 are presented in Table S2 (Supplementary Materials).



The study of the reaction of rac-LA polymerization in the presence of the complexes involves the application of elevated temperatures. The thermal stability of 1–4 was investigated by thermogravimetric analysis (TGA). According to the TGA data, compound 1 lost the benzene solvate molecules in a sufficiently wide temperature range ~(70–145) °C (Figure S7, Supplementary Materials). The following stage of mass loss began at 180 °C. The thermal decomposition of 1 was completed at 470 °C with the formation of NiO mainly (Δmexp = 92.28%, Δmcalc = 91.90%). In case of 2, the loss of pivalic acid solvate molecules also started at ~70 °C and was completed at 145 °C. Then, there was a thermal decomposition of the complex continuing up to 450 °C (Figure S8 of Supplementary Materials). It is known that the thermal stability of binuclear aqua-bridged nickel(II) carboxylates with bidentate N-donor ligands in the temperature range up to PLA melting point (up to 140–150 °C) depends slightly on the carboxylate substituent and, in general, such compounds exhibit similar thermal behavior to each other [60,65,69]. To further confirm the stability of the complexes in model polymerization reactions, the thermal behavior of bidentate aqua-bridged mixed-ligand nickel(II) carboxylates was investigated using example 4 (Figure S9, Supplementary Materials). Complex 4 was stable up to 150 °C; further heating in the temperature range of 152–249 °C resulted in a loss of 10.88% of mass with a negligible endothermic effect. The second stage of thermodestruction was characterized by a decomposition initiation temperature of 252 °C and continued up to 387 °C, accompanied by a high rate of loss of 72.14% of the mass. Thus, all compounds are not decomposed up to 145 °C, which indicates their applicability for both rac-LA polymerization in bulk and in solution under heating.




2.2. Ring-Opening Polymerization of rac-Lactide


The influence of the reactivity of mixed-ligand nickel(II) carboxylate complexes of different nuclearity, metal core rigidity, and nature of ligands as catalysts was investigated in the rac-lactide ROP. It was assumed that polymerization should have proceeded along the path of primary coordination of the monomer to the complex and the subsequent growth of the polymer chain for both the studied mononuclear (1 and 2) and binuclear (3 and 4) complexes. All complexes are characterized by similar structural parameters but differ in the structure of the metal core, the geometric environment of the metal ion, and the steric factors of N-donor and electron-withdrawing carboxylate ligands. Taking into account the occupancy of the nickel coordination sphere of complexes 1–4, it can be assumed that the binding of the monomer molecule to the metal center can occur via the SN1 substitution mechanism or after leaving the N-donor ligand from the inner sphere of the complex as a result of its dissociation [70]. From this point of view, binuclear complexes (3 and 4) with a kinetically inert metal core should exhibit a lower relative catalytic ability. Additionally, the presence in 1–4 of carboxylate ligands, which differ greatly in basicity, will allow a determination of their role (as proton carriers) in the ROP of rac-LA. To support the assumptions made, all complexes were tested for their ability to act as rac-lactide ROP catalysts. The reactions were carried out in solution (toluene) and in bulk with monomer to complex (designated as [Ni]) ratios of 250/1 and 500/1 at 140 °C under Ar for 72 h in the presence and without an initiator (benzyl alcohol, BnOH). The resulting PLA samples were analyzed by size-exclusion chromatography (SEC). The molecular-weight characteristics and conversion of the monomer are presented in Table 1. In addition, the catalyst turnover number (TON, mol of converted monomer/mol of catalyst) and the turnover frequency (TOF, TON/reaction time) were calculated as described elsewhere [71].



It was noted that the polymerization reaction proceeded regardless of the presence or absence of BnOH. The introduction of one molar equivalent of BnOH relative to the nickel complexes into the reaction mixture had almost no effect on the Mn of the resulting PLA but led to some increase in monomer conversions and the TON of catalysts. In addition, all the studied complexes, with the exception of 3, showed the ability to catalyze the reaction both in solution and in bulk. The established TOF values for 1, 2 and 4 were predominantly 2–3 h−1. An analysis of the molecular weights of the obtained PLA samples showed that the highest and closest values of Mn (5400–7500) were obtained using mononuclear complexes 1 and 2, mainly at a [rac-LA]/[Ni] ratio of 250/1. The highest conversion and TON values were also observed for the same catalytic systems; however, in the case of complex 2, these parameters were higher by ~30% compared to 1 and amounted to ≥69% and 172, respectively. Increasing the [rac-LA]/[Ni] ratio up to 500/1 for 1–4 resulted in a decrease in conversion, and the highest Mn was obtained using 2. As expected, binuclear complex 4 exhibited significantly lower catalytic properties compared to mononuclear compounds (low values of Mn, conversion and TON), while for 3 it was practically absent. Thus, such a behavior of the studied binuclear compounds could be associated with a significantly higher stability of the binuclear metal core under the reaction conditions and low availability of the metal center for monomer coordination. In the case of 3, this can be exacerbated by the possibility of electrostatic repulsion between the monomer molecule and the trifluoromethyl groups of the carboxylate ligands. In accordance with known mechanisms of coordination-insertion using metal carboxylates (for example, tin(II) octoate [72]), a proton is transferred from the initiator molecule to the carboxylate ligand during the reaction. Equilibrium proton transfer to CF3CO2− is less probable compared to anions of pivalic or benzoic acids (pKa(CF3CO2H) ~0.2, pKa((CH3)3CCO2H) ~5), which may additionally explain the lower catalytic activity of 1 and 3. However, protonation of the terminal alkoxide group of the growing polymer chain by the formed carboxylic acid is possible and, in turn, can lead to chain termination. It is also likely that the described processes are realized simultaneously. Thus, the use of mononuclear mixed-ligand nickel(II) carboxylates containing RCO2 ligands with high basicity and labile N-donor ligands as catalysts in rac-LA ROP seems to be the most promising.



In this regard, further studies of the effect of temperature and time of the polymerization on monomer conversions and PLA molecular weights were investigated using pivalate complex 2 (Table 2). The reactions were carried out in a toluene solution of rac-lactide at a ratio of [rac-LA]/[Ni] = 250/1, varying the polymerization temperature and time in the ranges of 100–140 °C and 24–72 h, respectively.



Achieving a monomer conversion of more than 50% was possible at temperatures above 130 °C for 72 h. A further increase in temperature (up to 140 °C) did not affect the conversion but led to an increase in Mn. Thus, a more detailed study of the dependence of monomer conversions and Mn values of PLA on polymerization time was carried out at a temperature of 140 °C. The resulting dependencies are shown in Figure 4.



The observed almost complete absence of changes in Mn values from ~8 to 38 h of polymerization, accompanied by a slight increase in the conversion of the monomer, may be related both to the onset of intramolecular catalytic esterification [73,74] of the resulting PLA, and to a significant rearrangement of the catalytic complex structure followed by a change in the catalytic properties (a sharp increase in these parameters).



For catalyst 2, its stereoselectivity was determined by analyzing the carbonyl region of the 13C NMR spectrum of PLA as described in [75]. The stereoselectivity coefficient Pi for PLA obtained in a toluene solution; the ratio [rac-LA]/[Ni]/[BnOH] = 250/1/0 was 0.33. PLA synthesized under analogous conditions using complex 1 was characterized by a close value of this coefficient (Pi = 0.36). An example of the corresponding fragment of the 13C NMR spectrum of PLA is shown in Figure S10 (Supplementary Materials). Such values of the Pi coefficients (<0.5) indicate a predominantly syndiotactic polymerization process.




2.3. Mechanistic Aspects of Polymerization


2.3.1. Spectroscopy Investigation


High-resolution electrospray ionization (ESI) mass spectrometry was used to identify moieties present in reaction mixtures of polymerization systems in order to determine the polymerization pathway of rac-lactide. For this analysis, model systems containing rac-LA oligomers obtained by polymerization in a toluene solution (72 h, 140 °C, argon atmosphere) with molar ratios rac-LA/complex 2 equal to 2/1 and 3/1 were used.



In the ESI mass-spectra of acetonitrile solutions from both model polymerization mixtures, a number of signals assigned to ions of the composition ((DBED)(Lac)n) + Na+ (n = 2–10, Lac is lactoyl OCH3CHCO group) were detected. In addition, a series of signals with a mass-to-charge ratio (m/z) shift of 12.036 was observed in the obtained mass spectra. Such a shift may correspond to the formation of ions of composition ((DBED)(Lac)n + C2H4−O) + Na+ (n = 2–10) [76], which can genetically originate from catalytically degraded lactoyl units. The correlated signals in the received mass-spectra, theoretically calculated and experimentally obtained m/z values are summarized in Table 3. It can be assumed that the free DBED ligand leaving the inner sphere of the complex was the moiety initiating the ring-opening polymerization of the lactide. The ROP of lactide initiated by secondary amines is known [77,78,79,80]. To confirm the possibility of the appearance of such initiating units in the system for the studied mononuclear complexes, an ESI mass spectrometric study was performed. The resulting ESI mass-spectrum of an acetonitrile solution of compound 2 contained an intense signal corresponding to the protonated ligand (DBED+H)+ (m/z = 241.170). Intense signals corresponding to the fragment [Ni(O2CC(CH3)3)(DBED)2]+ (m/z = 639.320) and ion [Ni(O2CC(CH3)3)(DBED)]+ (m/z = 399.157) have also been observed. The results of the comparative analysis of a solution of complex 1 showed similar behavior to this compound. This is confirmed by the presence in the ESI mass-spectrum of signals from the protonated ligand (DBED+H)+ (m/z = 241.170) and singly charged ions similar to complex 2 ([Ni(O2CCF3)(DBED)2]+—m/z = 651.247, [Ni(O2CCF3)(DBED)]+—m/z = 411.084, [Ni2(O2CCF3)3(DBED)2]+—m/z = 935.150 and cationized molecule [Ni(O2CCF3)2(DBED)2+H]+—m/z = 765.237).



The ESI mass-spectra of complexes 1 and 2 exhibited a number of signals corresponding to the formate complexes [Ni(O2CH)(DBED)2]+ (m/z = 583.257), [Ni2(O2CH)(O2CC(CH3)3)2(DBED)2]+ (m/z = 843.313) and conversion products of DBED ligands, namely, formylated DBED ((DBED+CHO)+, m/z = 269.166) and N,N′-dibenzyldihydroimidazolium cation ((C17H19N2)+, m/z = 251.155). A number of adduct signals of the previously mentioned ions with the carbonyl fragment ((DBED)(Lac)n(CO)) + Na+ (n = 1–9) and (DBED)(Lac)n(CO) + C2H4−O)+ Na+ (n = 1–9)) was also detected in the obtained mass-spectra of model polymerization systems. Such adducts may be formylated dialkyl lactamide derived from lactic acid oligomers or carboxylate ligands. The theoretical and experimental mass values associated with these signals can be found in Table S3 (Supplementary Materials). The origin of formylated products in the spectra can be explained by the presence of sodium formate in the system used to calibrate the instrument. The probable formation scheme of the (DBED+CHO)+ and (C17H19N2)+ ions [81,82,83], as well as the proposed structure of the [(DBED)(Lac)n(CO)] adduct, are presented in Figure S11 (Supplementary Materials). The mass-spectra of complexes 1 and 2 and a model polymerization mixture using the [rac-LA]/[Ni] ratio of 3/1 are shown in Figures S12 and S13 (Supplementary Materials), respectively.



Thus, according to mass spectrometry data, nickel(II) mononuclear carboxylate complexes (1, 2) in the solution are able to form the [Ni(O2CR)(DBED)2]+ ion and, further, can lose one of the DBED ligands to form [Ni(DBED)(O2CR)]+.



The assumption about the role of DBED ligands as the initiator of the considered polymerization process was additionally confirmed by the results of NMR spectroscopy of the studied polymers. The signals assigned to the hydrogen atoms of the DBED molecule were observed in both 1H NMR and 1D DOSY (one-dimensional diffusion ordered spectroscopy) 1H NMR spectra of the reprecipitated polymers obtained using compound 2 ([rac-LA/[Ni]] ratio of 250/1 and 500/1, polymerization in toluene, 72 h). 1H NMR signals at 7.45–7.03 ppm were assigned to the aromatic protons of the phenyl substituents of the terminal DBED. The multiplet at 4.36 and 2.74 ppm corresponded to the CH protons of the polylactide chain terminal unit and to the terminal OH group [84], respectively. The 1H NMR spectrum of the reprecipitated polylactide obtained in a toluene solution using 2 at a ratio of [rac-LA]/[Ni] 500/1 is shown in Figure 5 as an example.



The study performed using 1D DOSY 1H NMR at a gradient intensity of 90% demonstrated the absence of the CDCl3 signal in the obtained spectrum and the presence of PLA and DBED signals (Figure S14 of Supplementary Materials), which indicated that DBED was associated with the polymer chain.



Thus, the analysis by ESI mass spectrometry and 1H NMR spectroscopy of PLA and lactide oligomers synthesized using complex 2 showed DBED and OH as end groups, which confirms that polymerization was initiated by secondary amine DBED leaving the inner coordination sphere 2. The proposed reaction scheme and the structure of the polymer obtained upon initiation with the DBED amino group, and probably also valid for complex 1, are shown in Figure 6.




2.3.2. Quantum-Chemical Modelling


In this study, it is assumed that the lactide (LA) ROP reaction in the presence of a nickel(II) mononuclear carboxylate complex (1 or 2) containing a coordinated secondary amine DBED and initiated by DBED molecules leaving the inner sphere of the complex is described by the coordination–insertion mechanism. In order to reduce the time of quantum-chemical calculations for complex 2, a simplified model was used. Bulky pivalate ligands were replaced by acetate ions; secondary amine N,N′-dimethylethylenediamine (DMED) was used as the coordinated N-donor ligand, and dimethylamine (DMA) was used as the initiator. Thus, the model complex [Ni(DMED)2(O2CCH3)2] was considered as a catalyst. Before quantum-chemical calculations of the initiation step were performed, two possible isomers of the initial model compound were modeled to determine the lower-energy structure and energy effect of ligand coordination. Thus, the initial model coordination compound [Ni(DMED)(O2CCH3)2] (I) with an N-donor ligand that has left the inner coordination sphere can have two isomers: with an octahedral environment of the metal ion with bidentate coordination of both carboxylate ligands (Ia) and square pyramidal in the case of monodentate coordination of one of the O2CCH3− (Ib) anions. The addition reactions of the LA molecule to complexes Ia and Ib lead to the formation of the compound [Ni(DMED)(LA)(O2CCH3)2] (II) (Figure 7).



According to the data obtained, the energy effects of both reactions differ slightly from each other: ∆E+ZPE are −9.22 and −2.01 kcal/mol for Ia and Ib, respectively. In the optimized structure II, the environment of the nickel ion becomes octahedral, and the distance d(Ni-O1) is 2.237 Å (see atomic numbering in Figure 8). These values of bond lengths are typical for systems similar to structure II [85,86].



A schematic representation of the ROP reaction initiation step based on the calculations of the optimized structures is shown in Figure 8. Optimization of the possible reaction path was carried out taking into account approximately found transition states (TS) using the nudged elastic band with the TS optimization method (NEB-TS) [87] with the subsequent refinement of TS and intermediates along the reaction coordinate, which led to a decrease in the calculated activation barriers. The minimum energy path for ESC→X transitions is shown in Figure 9.



The stage of initiation of the lactide ring-opening reaction is preceded by the formation of an electrostatic complex ESC with a secondary amine DMA molecule with a distance d(N1-C1) = 2.833 Å (Figure 10), which corresponds to a decrease in the energy of the system by −7.27 kcal/mol.



The further approach of the DMA molecule, which may be the beginning of the nucleophilic attack of DMA on the carbonyl carbon atom of the lactide, leads to the formation of the transition state TS(ESC-III) (Figure 10). In the structure TS(ESC-III), compared to ESC, the distance d(Ni-O1) decreases by 0.098 Å; the distance d(C1-O2) in the lactide ring increases by 0.075 Å. The NH group of DMA forms an intermolecular hydrogen bond with the carbonyl oxygen atom of the nearest carboxylate ligand. In this case, the coordination of the carboxylate ligand becomes monodentate, and the coordination environment of the central nickel ion becomes square-pyramidal. The activation energy of TS(ESC-III) equals 8.86 kcal/mol. This value is comparable to the activation barriers of similar reaction stages obtained previously for Al, Sn, and other metal complexes [88,89,90]. The formation of intermediate III corresponds to a further decrease in the distance d(N1…C1) to 1.547 Å and an increase in the bond lengths within the lactide ring to d(C1-O1) = 1.305 and d(C1-O2) = 1.424 Å. The carbonyl carbon atom in the LA molecule subjected to nucleophilic attack is in a nearly tetrahedral configuration (sp3-hybridization). After the formation of intermediate III, the next step was the almost barrier-free transition of the H1 atom from the NH group of the DMA initiator to the O3 atom of the carboxylate ligand with the formation of intermediate IV. In the optimized structure IV, at an N1–C1 distance of 1.500 Å, a covalent bond N1–C1 and a hydrogen bond N1–H1 are formed, while the bond lengths d(C1–O1) and d(C1–O2) increase to 1.323 and 1.433 Å, respectively.



Opening of the LA cycle occurs during the transition of structure IV to V with the overcoming of the transition state TS(IV–V). The activation energy of this stage is 4.72 kcal/mol. In TS(IV–V), the distance d(C1-O2) in the lactide cycle increases to 1.807 Å, and the O2 atom forms a hydrogen bond with the H1 atom, which originally belonged to DMA and then passed to the O atom of the carboxylic acid.



The following significant changes in the structure of V compared to IV should be noted: the breaking of the bonds between the Ni(II) ion and the lactide O1 atom (d = 3.674 Å) and the bond C1-O2 (d = 2.713 Å), as well as the formation of new bonds of the lactide O2 atom with the Ni and H1 atoms (d(O2-Ni) = 2.174 Å, d(O2-H1) = 1.068 Å). Subsequent local minima along the minimum energy path are associated with the formation of VI–X intermediates. Intermediate VI is formed from V with an activation barrier of 12.24 kcal/mol through the TS (V–VI) transition state. In the TS(V–VI) structure, the distance d(C1-O2) in the lactide cycle increases to 2.781 Å, and the H1 atom migrates from O2 to the oxygen atom of the carboxylic acid. The resulting acetic acid molecule begins to turn toward the second carboxylate ligand with the formation of a hydrogen bond with its O atom. In intermediate VI, the lactide ring opens up even more, d(C1-O2) = 2.996 Å. The subsequent formation of intermediate VII requires the transition of the energy barrier TS(VI–VII) equal to 7.72 kcal/mol. In the octahedral structure VII, one terminal fragment of lactic acid is bidentately coordinated to the Ni(II) ion, forming a five-membered ring with it, and the other is an N,N-dimethyllactamide group. The distance d(N1…C1) is 1.363 Å and is almost equal to the analogous distances in N,N-dimethylacetamide and N,N-dimethylformamide [91]. During the transition from intermediate VII to VIII and IX, the energy barriers in TS(VII–VIII) and TS(VIII–IX) with relatively low energies of 3.98 and 3.25 kcal/mol, respectively, are overcome. In intermediates VIII and IX of similar structure, one of the O2CCH3 anions retains monodentate coordination with the metal ion. Another similar anion, which added the H1 atom and turned into a coordinated acetic acid molecule during the formation of intermediate VI, is kept near the inner sphere of the metal ion only due to two hydrogen bonds. One of them is formed by the O atom of the acid and the H atom of the bidentately coordinated DMED ligand, the second is formed by its own H atom and the oxygen O2 of the lactide involved in the formation of the five-membered ring. As a result, the coordination environment of the central nickel ion again becomes square-pyramidal. In the subsequent intermediate X, the previous monodentately coordinated O2CCH3 ligand forms a second bond with Ni(II) and acquires bidentate coordination. As a result, the metal ion again acquires an octahedral environment, and the activation energy of this stage is 7.78 kcal/mol. The optimized structure of X is shown in Figure S15 (Supplementary Materials).



Further growth of the polymer chain requires the binding of another LA molecule to the metal ion and the opening of the LA ring by the coordination-insertion mechanism, in which the initiating group will be the terminal alkoxide group coordinated to the nickel(II) ion. Thus, when another LA molecule is coordinated to X, the type of coordination of the terminal unit of the oligomeric chain changes from bidentate to monodentate, followed by the formation of a stable structure XI (Figure S16 of Supplementary Materials). The simulated path of the first chain growth stage after passing through the initiation stage is shown in Figure 11.



A slight increase in the energy of the system during lactide coordination and the transition between X→XI (2.75 kcal/mol, see Figure 12) can be associated both with the steric features of the structure of IX and with a change in the type of coordination of the terminal unit of lactic acid from bidentate to monodentate. Further processes leading to the ring opening of the next coordinated monomer molecule are similar to those described above. These include nucleophilic attack of the terminal alkoxy group on the carbonyl carbon of the lactide to form intermediate XII, followed by direct ring opening of the lactide to form XIII, an optimized structure of which is shown in Figure S17 (Supplementary Materials). The energy change for the XI→TS(XI–XII), TS(XI–XII)→XII and XII→XIII transitions is 2.23, 3.07 and 3.35 kcal/mol, respectively. In general, the energy profile of the stages of initiation and the first cycle of chain growth is presented in Figure 12.



In order to check the possibility of the described reactions proceeding in the presence of real bulky substituents, calculations of the part of the previously modeled path ESC→III→X of the stage of initiation and opening of the lactide ring without the previously introduced simplifications (full model) using the relatively low-cost DFT method b97-3c were carried out. The energy profile of initiation of the lactide ring opening reaction obtained as a result of DFT modeling for the complete model system (Figure 13) is practically the same as that obtained for the simplified model. An attention-grabbing difference between the complete model system and the simplified one was a significant drop in the energy of the system after coordination of the lactide with the octahedral complex [Ni(DBED)(O2CC(CH3)3)2] I(f) (the designation “f” means “full model”), which is 21.52 kcal/mol.



This difference can be explained by significant steric differences in the alkyl substituents in the models. It leads to a significant decrease in the energy of the system during lactide coordination and a change in the type of coordination of the pivalate ligand from bidentate-chelate to monodentate, which increases its mobility in the inner sphere of the model compound II(f). When considering the ESC(f)→III(f) transition, we failed to obtain an optimized TS structure. The energy barrier of this step was estimated by building the minimum energy path using the climbing image nudged elastic band method. The calculated value of the energy barrier was 19.61 kcal/mol, which is much larger than the value of the corresponding value for a similar energy barrier in the simplified model. In addition to steric hindrances in the ESC(f)→III(f) transition, the larger energy barrier can be explained by the formation of an extensive system of inter- and intramolecular non-covalent interactions between almost all ligands in the coordination environment of nickel and the DBED initiator, which “enchain” them and makes it difficult to rearrange the molecule.



In summary, the quantum chemical modeling of the lactide polymerization reaction pathway suggests that the proposed variant of initiating the polymerization reaction by DBED molecules that have left the inner coordination sphere of the metal ion is thermodynamically allowed. In a simplified model reaction, the energy barriers corresponding to the conformational changes of the monomer with the already broken ring exceed those for the stages of direct nucleophilic attack and C1-O2 bond cleavage within the lactide ring. It can be assumed that the presence of a bulky end group of the initiator and trimethyl acetate ligands, in reality, makes such conformational rearrangements even more difficult, which causes a relatively low catalytic activity of the compounds under study, despite the relatively low calculated values of energy barriers on the minimum energy path. In turn, the differences in the catalytic activity of compounds 1 and 2 can be explained in terms of the difference in the acidity of carboxylic acids, the anions of which are the carboxylate ligands used. During III→VI transitions, one of the key processes is the successive transfer of the H1 proton from the initiator molecule to the carboxylate ligand, the alkoxide end group being formed, and then back to the carboxylate. In the case of the trifluoroacetate ligand, compared to the pivalate ligand, this process should be more difficult.





2.4. Biological Evaluation


The successful application of biomaterials based on polyesters, including PLA, is possible if the catalyst used for their synthesis does not exhibit toxicity. In this regard, the in vitro cytotoxicity of complex 2 with higher catalytic properties in ROP of rac-LA was evaluated using mesenchymal stem cells (MSC) from the bone marrow (FetMSC cell line). The MTT assay was carried out for solutions of 2 taken at various concentrations in the range of 4–500 μg/mL for 24 h (Figure 14).



The examined complex revealed low cytotoxicity toward tested cells. Half-minimum inhibition concentration (IC50) for the examined nickel(II) complex was 190 µg/mL.





3. Materials and Methods


3.1. Chemicals and Supplements


All starting materials and solvents for the synthesis of the complexes with a purity of more than 98% were purchased from Sigma-Aldrich (Darmstadt, Germany) and Vecton (St. Petersburg, Russia), respectively. Metal complex precursors Ni(O2CCF3)2·4H2O and Ni2((CH3)3CCO2)4((CH3)3CCO2H)4·H2O were synthesized according to the previously published procedures [92,93] from pre-prepared synthetic Hellyerite NiCO3∙5.5H2O as described in [59].



Toluene (99%, Vecton, St. Petersburg, Russia) used for monomer purification and polymer synthesis was stored over 4 Å molecular sieves and then distilled over sodium metal immediately prior to use. D,L-lactide (rac-LA, 99%, Sigma-Aldrich, Darmstadt, Germany) was recrystallized twice from dry toluene and dried under vacuum to constant weight. Benzyl alcohol (BnOH, analytical grade, Vecton, St. Petersburg, Russia) used as the initiator was dried over freshly calcined CaO and distilled under reduced pressure.



Deuterated chloroform (CDCl3) was a product of Solvex LLC (Moscow, Russia). Polystyrene (PS) calibration standards and HPLC grade tetrahydrofuran (THF) used as an eluent for size-exclusion chromatography (SEC) analysis were purchased from Waters (Milford, MA, USA) and Merck (Darmstadt, Germany), respectively.



The human bone marrow mesenchymal stem cell line (FetMSC) was received from the Vertebrate Cell Culture Collection of the Institute of Cytology RAS (St. Petersburg, Russia). Cells were cultured in humidified 5% CO2 at 37 °C with the use of DMEM/F12 (Dulbecco’s modified Eagle medium; Gibco, Grand Island, NY, USA) containing 1% non-essential amino acids (NEAA; Gibco, Grand Island, NY, USA), 10 vol% thermally inactivated fetal bovine serum (FBS; Hy-Clone, Logan, UT, USA), 1% L-glutamine (PanEco, Moscow, Russia), 50 U/mL penicillin (Sigma-Aldrich, Darmstadt, Germany), and 50 µg/mL streptomycin (Sigma-Aldrich, Darmstadt, Germany). MTT reagent (3-(4,5-dimethythiazol-2-yl)-2,5-diphenyl tetrazolium bromide) was a product of Sigma-Aldrich (St. Louis, MO, USA). In the study, 4–6 passage cells were used. Detachment of cells with trypsin-EDTA (Sigma-Aldrich, Darmstadt, Germany) was carried out at attaining 80% confluence.




3.2. Characterization Techniques


Elemental analysis of complexes was performed on a LECO CHNS(O)-932 elemental analyzer (LECO, Saint Joseph, MI, USA). Fourier transform infrared (FTIR) spectra were recorded using a Shimadzu IRTracer-100 spectrometer (Shimadzu, Kyoto, Japan) equipped with a Specac Quest attenuated total reflection (ATR) accessory (diamond crystal puck, Specac, Orpington, Kent, UK) in the range of 600 to 4000 cm−1 with a resolution of 1 cm−1. Thermogravimetric analysis (TGA) was carried out using a Shimadzu DTG-60 (Shimadzu, Kyoto, Japan) and NETZSCH STA 449 F3 Jupiter (NETZSCH, Selb, Germany) instruments. The analyzed samples of the complexes (about 5 mg) were heated from 34 to 800 °C and from room temperature to 475 °C at a rate of 4 °C·min−1 in a flow of argon (99.995%, 100 mL·min−1).



The Hirschfeld surface analysis [94] of the complexes was performed using the Crystal Explored 17.5 software [95].



Single crystal X-ray diffraction analyses of complexes 1, 2 and 4 were carried out on an Xcalibur EOS diffractometer (Rigaku Oxford Diffraction, Oxford, UK) operated with monochromated Mo-Kα radiation (λ = 0.71073 Å) at a temperature of 100 K. Data were integrated and corrected for background, Lorentz, and polarization effects. An empirical absorption correction based on spherical harmonics implemented in the SCALE3 ABSPACK algorithm was applied in the CrysAlisPro program [96]. The structures were solved by a dual-space algorithm and refined using the SHELX programs [97,98] incorporated in the OLEX2 program package [99]. The final models included coordinates and anisotropic displacement parameters for all non-H atoms. The carbon- and nitrogen-bound H atoms were placed in calculated positions and were included in the refinement in the ‘riding’ model approximation, Uiso(H) set to 1.5Ueq(C) and C–H 0.98 Å for the CH3 groups, Uiso(H) set to 1.2Ueq(C) and C–H 0.99 Å for the CH2 groups, Uiso(H) set to 1.2Ueq(C) and C–H 0.95 Å for the CH groups of cyclic fragments, and Uiso(H) set to 1.2Ueq(N) and N–H 1.00 Å for the tertiary NH groups. The unit cell of compound 2 contains disordered pivalic acid molecules which have been treated as a diffuse contribution to the overall scattering without specific atom positions by SQUEEZE/PLATON [100]. The total approximate amount of four solvent molecules per unit cell in the structural model has been calculated taking into account the Electron Count of 233 and a Total Potential Solvent Accessible Void Volume of 870 e/A3. Supplementary crystallographic data for this paper have been deposited at Cambridge Crystallographic Data Centre (CCDC 1546454, 1546456, 1840764 for 1, 2 and 4, respectively) and can be obtained free of charge via www.ccdc.cam.ac.uk/structures/ (accessed on 30 December 2022).



All mass spectrometry data were collected on a quadrupole time-of-flight LCMS-9030 system (Shimadzu, Kyoto, Japan) with electrospray ionization (ESI) technique in the ranges of 100–1000 m/z for complexes and oligomers of rac-LA. The instrument and method parameters were as follows: capillary voltage ±4 kV, drying gas (N2) flow rate 10.0 L/min, heat block temperature 180 °C, acetonitrile (HPLC grade, JT Baker, Phillipsburg, NJ, USA).



Monomer conversions, number average and weight average molecular weights (Mn and Mw), and dispersity (Ð) of the polymers were determined by SEC using a HPLC Shimadzu System (Tokyo, Japan) consisting of a RID-10A refractometric detector, an FCV-10AL degasser, a LC-10AD VP pump, a CTO-20A column thermostat, a SCL-10A VP system controller and equipped with a Rheodyne 725i injection valve (Rohnert Park, CA, USA) and two Agilent PLgel MIXED-D columns (7.5 × 300 mm, 5 µm, Agilent Technologies, Santa Clara, CA, USA). The analysis was carried out at 40 °C using THF as the eluent at a flow rate of 1 mL/min. Column calibration was performed using PS standards (530–400,000). LC Solution Shimadzu 1.25 software (Kyoto, Japan) was used for SEC data analysis and to calculate polymer characteristics.



NMR spectra of the polymers before and after reprecipitation were recorded on an AVANCE AV-400 spectrometer (Bruker, Karlsruhe, Germany) at 298 K using TopSpin 2.1 software (Bruker BioSpin, Rheinstetten, Germany) for data processing. CDCl3 was used as a deuterated solvent. The experimental chemical shifts (δ) for 1H, 13C NMR and one-dimensional diffusion ordered spectroscopy (1D DOSY) 1H NMR were obtained in CDCl3 and referenced using residual proton or carbon signals of the deuterated solvent and reported in ppm.




3.3. Synthesis of Nickel(II) Complexes


3.3.1. Preparation of trans-[Ni(DBED)2(O2CCF3)2]·C6H6 (1)


N,N′-dibenzylethylenediamine (DBED, 0.233 mL, 1.000 mmol) and benzene (35 mL) were added to a pre-prepared solution of Ni(O2CCF3)2·4H2O (0.3568 g, 1.000 mmol) in methanol (40 mL) at room temperature. Then, the reaction mixture was refluxed for 1 h. The resulting solution was cooled and slowly concentrated at room temperature, affording blue rhombic crystals after about 3 days.



Yield 85% (0.351 g, 0.41 mmol). Anal. Calcd for C42H46F6N4O4Ni (843.54 g/mol): C 59.80; H 5.50; N 6.64%; found: C 59.9; H 5.2; N 6.7%. FTIR (ATR, cm−1): 3331 (s), 3279 (s), 2970 (vs), 2932 (s), 2872 (m), 1731 (s), 1706 (s), 1545 (vs), 1481 (vs), 1454 (s), 1414 (vs), 1372 (m), 1360 (m), 1274 (s), 1226 (m), 1182 (vs), 1126 (w), 1002 (w), 986 (w), 901 (s), 747 (vs), 702 (vs). Structural data: P-1; a = 8.9998(2), b = 9.3083(2), c = 13.4098(3) Å; α = 95.568(2), β = 90.678(2), γ = 113.699(2)°; V = 1022.19(5) Å3; Z = 1; R1 = 3.4%; CCDC 1546454.




3.3.2. Preparation of trans-[Ni(DBED)2(O2CC(CH3)3)2]·(CH3)3CCO2H (2)


The synthesis of complex 2 was carried out according to a similar procedure as for complex 1, but with some changes. Two equivalents of DBED (0.990 mL, 4.227 mmol) and 40 mL of hexane were added to a solution of Ni2((CH3)3CCO2)4((CH3)3CCO2H)4·H2O (2.000 g, 2.113 mmol) in 40 mL of THF and the mixture was heated at 60 °C for 1 h. Subsequent prolonged (about 5 days) concentration of the blue solution obtained by gentle evaporation in air at room temperature to reduce the volume of the mixture by about 4–5 times and standing in a refrigerator (+4 °C) for 1 day resulted in blue prismatic crystals of complex 2.



Yield 30% (1.13 g, 1.14 mmol). Anal. Calcd for C47H68N4NiO6 (741.63 g/mol): C 66.90; H 8.12; N 6.64%; found C 67.1; H 7.9; N 6.8%. FTIR (ATR, cm−1): 3325 (w), 3187 (m), 2941 (m), 2883 (w), 1681 (vs), 1493 (w), 1455 (m), 1431 (m), 1379 (w), 1340 (w), 1291 (w), 1200 (vs), 1131 (vs), 1087 (w), 1063 (s), 1020 (m), 934 (m), 917 (m), 840 (m), 805 (m), 753 (s), 725 (m), 698 (s), 618 (m). Structural data: P21/n; a = 14.1992(6), b = 11.4582(3), c = 17.4222(7) Å; β = 106.633(4)°; V = 2715.94(18) Å3; Z = 2; R1 = 6.0%; CCDC 1546456.




3.3.3. Preparation of [Ni2(μ-OH2)(μ-O2CCF3)2(O2CCF3)2(TEMED)2] (3) and [Ni2(μ-OH2)(μ-O2CC6H5)2(O2CC6H5)2(TEMED)2] (4)


Binuclear complexes 3 and 4 containing TEMED (N,N,N′,N′-tetramethylethylenediamine) ligand were synthesized according to [61] and [60], respectively, without changes. However, 4 was obtained for the first time and was not previously described in the literature. Briefly, benzoic acid was added to a suspension of NiCO3·5.5H2O (0.6534 g, 3 mmol) in 100 mL of acetonitrile-water (20/1 v/v) and the mixture was stirred at 50 °C for 1 h. Then, TEMED was added to the reaction system. Subsequent slow evaporation in the air (about 7 days) of the resulting bright green solution led to the formation of green rhombic crystals of complex 4.



The yield of [Ni2(μ-OH2)(μ-O2CC6H5)2(O2CC6H5)2(TEMED)2] 35% (1.79 g, 2.1 mmol). Anal. Calcd for C40H54N4Ni2O9 (852.29 g/mol): C 56.37; H 6.39; N 6.57%; found: C 56.2; H 6.5; N 6.4%. FTIR (ATR, cm−1): 3061 (w), 3019 (w), 2984 (w), 2885 (m), 2841 (m), 1632 (s), 1577 (m), 1527 (m), 1460 (m), 1392 (vs), 1287 (w), 1169 (m), 1126 (m), 1066 (m), 1024 (s), 1014 (m), 955 (m), 825 (s), 803 (s), 712 (vs), 673 (vs), 588 (m). Structural data: P-1; a = 10.7368(6), b = 11.6727(7), c = 17.0611(8) Å; α = 106.054(5), β = 91.296(4), γ = 93.786(5)°; V = 2048.48(19) Å3; Z = 2; R1 = 4.1%; CCDC 1840764.





3.4. Protocol of rac-LA Polymerization


The polymerization reaction of rac-lactide was carried out via ROP of the monomer using two different strategies, namely with and without the addition of benzyl alcohol as an initiator to the system containing nickel catalyst and monomer. In addition, both bulk and solution polymerization of the monomer were studied. All polymerization reactions were carried out under an inert atmosphere in sealed ampoules using standard Schlenk techniques. The ampoules were dried at 180 °C and cooled in a vacuum immediately before use.



In the case of solution polymerization, pre-purified rac-LA (500 mg), an appropriate amount of solid NiII complex, BnOH (if required) and 2 mL of freshly dried toluene were placed into glass ampoules (15 mL). The resulting mixtures were degassed using the freeze-pump-thaw cycling technique, filled with argon, and sealed. In the case of bulk polymerization, the polymerization mixture was prepared in a 10 mL ampoule in exactly the same way as in the previous case, but without the addition of BnOH and toluene. The ampoule was also filled with argon and then sealed. All ampoules after sealing were incubated at selected conditions. All polymerization mixtures at the studied temperatures were homogeneous. The investigated monomer/catalyst/initiator ratios, polymerization temperatures and times are presented in Table 1 and Table 2 and Figure 4.



After the specified polymerization time, the ampoules were opened and the systems obtained by bulk polymerization were dissolved by adding 3 mL of THF, while the reaction solutions in toluene were left unchanged. Aliquots were taken from the obtained solutions of both types, diluted with THF to obtain polylactide concentrations of ~6 mg/mL, and studied by SEC analysis to evaluate the monomer conversions and molecular weight characteristics of the polymers. The remaining parts of the resulting toluene solutions of the polymers were precipitated in a ~50-fold excess of ice-cold ethanol, separated by centrifugation, washed twice with ethanol, and dried under vacuum at 40 °C to constant weight. After that, they were analyzed in the form of solutions in CDCl3 by 1H and 1D DOSY 1H NMR to determine the terminal groups of the polymers.



Model systems of rac-LA oligomers were prepared under conditions similar to the polymerization of rac-lactide in toluene solution (200 mg rac-LA, 2 mL solvent, synthesis 72 h at 140 °C), but using low [rac-LA]/[Ni] ratios (2/1 or 3/1, respectively) and without the addition of BnOH. After polymerization without any manipulations, these systems were used to study the mechanism of polymerization by ESI mass spectrometry.




3.5. Density Functional Theory (DFT) Calculation Details


All DFT calculations were performed using the ORCA program system (ver. 5.0.1 and 4.2.1, https://orcaforum.kofo.mpg.de/, accessed on 21 February 2022) [101,102]. Energies and geometries were evaluated by means of DFT PBE0 [103] and B97-3c [104] methods using def2-SVP basis set [105] in the gas phase at 298.15 K and 1 atm. The application of the DFT PBE0 method shows good results, consistent with experimental data, in calculations of the structural and magnetic characteristics of Ni(II) coordination compounds with carboxylate and N-donor ligands [69,106]. In the present work, we used the PBE0 method for a detailed description of the reaction mechanism and the relatively low-cost B97-3c DFT method to calculate the full model. Transition states were localized either based on the initial potential energy surface (PES) scan (relaxed surface scan method) or using the nudged elastic band method [107,108,109]. L-lactide was used as a monomer for computational reasons.




3.6. Biological Evaluation


The cytotoxicity exhibited by complex 2 was assessed by the cell viability of mesenchymal stem (FetMSC) cells using the MTT assay. Before the experiment, the solid-state complex was sterilized under wide-spectrum UV-light for 15 min. The study was carried out for solutions with concentrations in the range of 4–500 μg/mL. Since the solubility of the complex under study is limited in aqueous media, 5% DMSO by volume was added to the starting solution (500 μg/mL), from which a series of double-diluted solutions were prepared. A control complex-free system contained a similar amount of DMSO dissolved in the cell culture medium (n = 3).



Preliminary, 5 × 103 cells (100 µL) per well were seeded in an adhesive 96-well plate and cultured for 24 h for their attachment. Then, the medium was removed and 100 µL/well of complete DMEM/F12 culture medium containing complex 2 at the test concentration was added (n = 3). After 24 h of incubation, MTT reagent solution (0.1 mg/mL, 50 μL/well) was added to each well and the plate was incubated with 5% CO2 at 37 °C for 2 h. After removal of the supernatant, formed formazan crystals were dissolved in DMSO (50 μL/well). The absorbance of the obtained purple solutions was measured at 570 nm in a Thermo Fisher Multiscan Labsystems plate reader (Waltham, MA, USA). The calculations and visualization of the obtained results were performed using the MS Excel software (Microsoft, Redmond, Washington, DC, USA).





4. Conclusions


A number of new mononuclear and binuclear nickel(II) complexes were synthesized and characterized by X-ray diffraction analysis. The obtained nickel(II) complexes containing various ethylenediamine derivatives (N,N′-dibenzylethylenediamine—DBED and N,N,N′,N′-tetramethylethylenediamine) and carboxylate ligands (O2CC(CH3)3, O2CCF3, O2CC6H5) are characterized by an octahedral metal core and differ in the rigidity, steric properties and nature of the carboxylate ligands. The ring-opening polymerization of rac-lactide catalyzed by nickel(II) carboxylate complexes in bulk and in solution was investigated. An increase in catalytic ability in rac-lactide ROP was observed for compounds with lower rigidity of the metal core and higher basicity of the carboxylate ligands. Due to the presence of labile N-donor ligands, the complexes studied can catalyze and initiate the polymerization reaction with a secondary amine leaving the inner sphere of the complex, which was confirmed by ESI mass spectrometry and 1H and 1D DOSY 1H NMR spectroscopy. For the [Ni(DBED)2(O2CC(CH3)3)2]·((CH3)3CCO2)2 complex, which exhibited the best catalytic properties, the ROP reaction pathway including the initiation and first chain growth cycle steps, was studied by a comprehensive DFT method. The intermediates and energy barriers of the reaction steps were estimated and described in detail. The performed quantum-chemical modeling of the ROP pathway of lactide confirmed the possibility of the proposed initiation process. In addition, it was revealed that one of the key roles is played by carboxylate ligands, which act as proton carriers from the initiator molecule and have a significant influence on the catalytic ability of metal complexes. In vitro biological evaluation of the [Ni(DBED)2(O2CC(CH3)3)2]·(CH3)3CCO2)2 complex demonstrated low cytotoxicity in mesenchymal stem cells.
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Figure 1. Synthetic routes of compounds 1–4. 
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Figure 2. Molecular structures of 1 (a) and 2 (b) compounds (50% probability thermal ellipsoids). Dashed lines show intramolecular hydrogen bonds. H-atoms of DBED and pivalate ligand are omitted for clarity. 
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Figure 3. Molecular structures of compound 4 (50% probability thermal ellipsoids). Dashed lines show intramolecular hydrogen bonds. H-atoms of TEMED and benzoate ligand are ommited for clarity. 
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Figure 4. Mn and monomer conversion as functions of reaction time in the polymerization of rac-lactide with complex 2. Conditions: rac-LA 3.5 mmol, [rac-LA]/[Ni]—250/1, toluene 2 mL, 140 °C, Ar atmosphere. The values were determined by SEC (tetrahydrofurane, polystyrene calibration standards, 40 °C) of the crude reaction mixture. 






Figure 4. Mn and monomer conversion as functions of reaction time in the polymerization of rac-lactide with complex 2. Conditions: rac-LA 3.5 mmol, [rac-LA]/[Ni]—250/1, toluene 2 mL, 140 °C, Ar atmosphere. The values were determined by SEC (tetrahydrofurane, polystyrene calibration standards, 40 °C) of the crude reaction mixture.
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Figure 5. 1H NMR spectrum in CDCl3 of PLA, obtained using complex 2. Polymerization conditions: [rac-LA]/[Ni] 500/1, toluene, 72 h, 140 °C. 
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Figure 6. Graphical representation for ROP reaction of rac-LA initiated by DBED (R = CF3, C(CH3)3). 
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Figure 7. Optimized structure of the model compound [Ni(DMED)(LA)(O2CCH3)2] (II). Bond lengths are given in Å. 
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Figure 8. Proposed initiation step of LA coordination-insertion ROP mediated by model compound [Ni(DMED)2(O2CCH3)2] with optimized structures numeration. Coordinated DMED ligand are omitted for clarity. ESC—electrostatic complex. 
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Figure 9. Minimum energy path between ESC and X. 
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Figure 10. Schematic representation of the structure of ESC. 
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Figure 11. Proposed reaction path of the first propagation step. Coordinated DMED ligand are omitted for clarity. 
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Figure 12. Energy profile of the initiation steps and the first cycle of PLA chain growth in the lactide ROP reaction catalyzed by a mononuclear mixed-ligand nickel(II) carboxylate. The sum of calculated energies of the separated 2 + DMA is set to 0.0 kcal/mol. 
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Figure 13. Energy profile for the initiation of the lactide ring opening reaction for the full model system. The sum of the calculated energies of the separated DBED + [Ni(DBED)(LA)(O2CC(CH3)3)2] II(f) is set to 0.0 kcal/mol. The designation “f” means a structure of the corresponding number similar to the simplified model. 
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Figure 14. Cytotoxicity evaluation (MTT test, 24 h) in MSC for the complex 2 solution. Data presented as mean value ± SD (n = 3). 
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Table 1. ROP of rac-lactide catalyzed by the Ni complexes 1–4.
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Catalyst

	
[rac-LA]/[Ni]/

[BnOH]

	
In Toluene

	

	
In Bulk

	




	
Mn

	
Đ

	
Conv. (%)

	
TON

	
Mn

	
Đ

	
Conv. (%)

	
TON






	
1

	
250/1/0

	
5400

	
1.4

	
45

	
112

	
6300

	
1.4

	
84

	
210




	
250/1/1

	
5800

	
1.5

	
58

	
145

	
n/d

	




	
500/1/0

	
600

	
1.1

	
6

	
30

	
7400

	
1.5

	
52

	
260




	
2

	
250/1/0

	
5800

	
1.5

	
69

	
172

	
7500

	
1.7

	
98

	
245




	
250/1/1

	
6000

	
1.6

	
78

	
195

	
n/d

	




	
500/1/0

	
6300

	
1.4

	
31

	
155

	
9000

	
1.6

	
84

	
420




	
3

	
250/1/0

	
1400

	
1.0

	
<1

	
-

	
1300

	
1.0

	
<1

	
-




	
250/1/1

	
800

	
1.0

	
<1

	
-

	
n/d

	




	
500/1/0

	
800

	
1.0

	
<1

	
-

	
800

	
1.0

	
<1

	
-




	
4

	
250/1/0

	
2700

	
1.5

	
58

	
145 *

	
3700

	
1.1

	
21

	
52 *




	
250/1/1

	
2000

	
1.3

	
79

	
197 *

	
n/d

	




	
500/1/0

	
2500

	
1.3

	
25

	
125 *

	
1900

	
1.1

	
8

	
40 *








Reaction conditions: rac-LA 3.5 mmol, toluene 0 or 2 mL, Ar atmosphere, 140 °C, 72 h. Monomer conversion, dispersity (Đ) and number average molecular weight (Mn) were determined by SEC of the crude reaction mixture (tetrahydrofurane, polystyrene calibration standards, 40 °C); [Ni]—amount of complex; n/d—not determined; the TON was determined from the ratio of moles of converted monomer to moles of catalyst. * Determined based on the fact that the catalyst was a binuclear complex.
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Table 2. ROP of rac-LA in toluene catalyzed by complex 2 under different conditions.
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	Entry
	Temp. (°C)
	Time (h)
	Mn *
	Đ *
	Conv. * (%)





	1
	140
	72
	5800
	1.5
	69



	2
	130
	72
	4400
	1.6
	68



	3
	120
	72
	3000
	1.3
	46



	4
	110
	72
	3000
	1.3
	51



	5
	100
	72
	2700
	1.2
	34



	6
	100
	48
	2600
	1.2
	31



	7
	100
	24
	900
	1.1
	19







Reaction conditions: rac-LA 3.5 mmol, [rac-LA]/[Ni]—250/1, toluene 2 mL, Ar atmosphere. * Determined by SEC of the crude reaction mixture (tetrahydrofurane, polystyrene calibration standards, 40 °C).
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Table 3. Calculated molecular formulas and masses of dialkyl lactamide species in ESI mass-spectra of model polymerization mixture.
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n

	
((DBED)(Lac)n) + Na+

	
((DBED)(Lac)n + C2H4−O) + Na+




	
m/z(experimental)

	
m/z(theoretical)

	
m/z(experimental)

	
m/z(theoretical)






	
2

	
407.1953

	
407.1947

	
not detected

	
347.2099




	
3

	
479.2165

	
479.2158

	
491.2544

	
491.2522




	
4

	
551.2378

	
551.2369

	
563.2333

	
563.2733




	
5

	
623.2591

	
623.2581

	
635.2955

	
635.2944




	
6

	
695.2804

	
695.2792

	
707.3168

	
707.3156




	
7

	
767.3016

	
767.3003

	
779.3382

	
779.3367




	
8

	
839.3230

	
839.3214

	
851.3594

	
851.3578




	
9

	
911.3444

	
911.3426

	
923.3806

	
923.3789




	
10

	
983.3666

	
983.3637

	
995.4020

	
995.4001








Oligomerization conditions: [rac-LA]/[Ni] 3/1, toluene, 140 °C, 72 h, Ar atmosphere.
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