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Abstract

:

Propylene oxide (PO) binding and ring-opening reaction with the bifunctional CO2/epoxide copolymerization catalyst, based on the Co(III)-salcy complex including two quaternary ammonium salts with n-butyl substituents (N+-chains) were investigated by Density Functional Theory (DFT) calculations and compared with the model systems without the N+-chains. The importance of the different possible stereoisomers and the stereoselectivity of these processes for (S)- and (R)-enantiomers of PO were considered. To explore the conformational space for the real catalyst, a complex approach, developed previously was applied. The calculations for the model systems directly demonstrate that PO-ring opening proceeds preferentially in trans catalysts’ configuration and no participation of cis-β isomers is viable; nucleophilic attack at the methylene-carbon atom is preferred over that at methine-carbon atom. For the real bifunctional catalyst, with the (S,S)-configuration of cyclohexane, the results indicate a preference of (R)-PO ring-opening over (S)-PO ring-opening (ca. 6:5). Concerning stereoisomers resulting from the orientation of N+-chains in the real catalyst, different groups of structures participate in the ring-opening reaction for (R)-PO, and different for (S)-PO. The high population of nonreactive complexes of (R)-PO may be the key factor responsible for decreasing the activity of the analyzed catalyst in the epoxide ring-opening reaction.
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1. Introduction


The copolymerization of carbon dioxide (CO2) and epoxides resulting in the formation of polycarbonates is a current, stimulating, and challenging topic for contemporary academic and industrial research that in recent years has been attracting growing attention [1,2,3,4,5,6,7,8,9,10]. Such reactions might be an interesting route to produce durable materials for commercial applications. Furthermore, since the CO2/epoxide coupling takes place in a liquid epoxide, which is a reactant and a solvent, their global implementation would potentially limit the production of chemical waste. Finally, such processes could potentially be a promising route toward the utilization of CO2 in the renewable feedstock of C1 carbon in chemical synthesis and might help to control the annual production of greenhouse gases [11,12,13,14,15].



Among numerous homogeneous CO2/epoxide copolymerization catalysts reported up to now, based on both early- and late-transition-metal complexes [3,4,7,10,16,17,18,19,20,21,22,23,24,25], cobalt(III) systems with tetradentate salen-type ligands (such as salen = N,N’-bis(salicylidene)ethylenediamine, salcy = N,N’-bis(3-methylsalicylidene)-1,2-trans-diaminocyclohexane, etc.) have emerged as the most prominent. They were developed based on Jacobsen(–Katsuki) epoxidation and epoxide ring-opening catalysts [26,27,28,29], and can be divided into two subclasses, the so-called binary and bifunctional catalytic systems. The representative examples are shown in Figure 1. Binary systems comprise the Co(III)-salen-type complex with an onium Lewis base cocatalyst salt, as in the type I structure [30] in Figure 1. In bifunctional catalysts, cocatalyst unit(s) in the form of tethered onium salt(s) are grafted onto the organometallic core of a system (see for example type II structures [31] in Figure 1). Such complexes have been shown to be some of the most catalytically active (especially in comparison with their binary analogues) and selective catalysts for CO2/epoxide copolymerization processes [31,32,33,34,35,36].



In its basics, the CO2/epoxide polymerization cycle involves two major elementary reactions: epoxide ring-opening and carbon dioxide insertion. Desirably, the process is undergone in perfectly alternating fashion; in practice, divergence from the monomers’ alternations often occurs, which is attributed to the experimental conditions or catalyst design [23]. As demonstrated by the experimental studies, the catalytic activity of binary and bifunctional systems appears to be affected by the structure of both the organometallic core and the cocatalyst salt [31,34,36,37,38,39,40,41,42,43,44,45,46,47]. These findings, along with quantum-chemical studies (of rather limited number and dedicated mostly to less-computationally challenging binary catalysts) enabled a discussion of the various mechanistic aspects of CO2/epoxides copolymerization that can be found in the literature concerning cobalt(III)-based catalysts [17,21,41,48,49,50,51,52]. For example, it has been highlighted that the metal center of the organometallic core of the catalytic system activates epoxides toward a ring-opening reaction and stabilizes its direct product (alkoxide), and seems not to participate in carboxylation [41,49]. Furthermore, it has been postulated that the high catalytic activity of some bifunctional catalysts can be directly linked to a presence of the grafted cocatalyst that (i) keeps growing copolymer chains close to the metal center, stabilizing them and preventing them from transforming into undesired cyclic carbonate side-products, and (ii) stabilizes the active Co(III) character of the catalysts against its possible decomposition to inactive Co(II) form [4,34,41]. It should, however, be stressed here that no comprehensive mechanism of the full catalytic cycle for the bifunctional catalytic systems has been reported that would allow for a full understanding of their unprecedented activity and help in the rational design of new catalysts for the CO2/epoxides copolymerization processes.



In our recent work, we initiated mechanistic examinations of bifunctional Co(III)-salen-type catalysts for CO2/epoxides copolymerization by studying structural preferences for a variety of Co(III)-salcy-based complexes representing both binary and bifunctional systems [51]. In the octahedral geometry of Co-salen-type compounds, two main arrangements of the salen-based ligand with respect to the metal center were experimentally reported [36,53,54,55,56,57,58,59,60,61]: (i) trans with donor N2O2 atoms of the ligand forming a square-planar molecular geometry (equatorial plane) and with additional ligands, if any, bound to the metal center in axial positions, and (ii) cis-β in which one of oxygen atoms is moved from an equatorial to an axial position, leaving the adjacent positions, axial and equatorial, vacant (see Figure 2). Note that in general one additional isomer could also be imagined here, cis-α with both of oxygen atoms moved from equatorial to axial positions, although such structural arrangement has not been found in any of the crystal structures for the Co(III)-salen-type systems reported up to now. Our results demonstrated a strong influence of the -(CH2)4N+R3 cocatalyst units (N+-chains; R = Me, Bu) grafted onto a Co(III)-salcy core on the relative stability of the trans vs. cis-β isomers, with the latter (cis-β) being preferred for complexes without N+-chains and the stabilization of the former (trans) increasing upon the introduction and enlargement of the cocatalyst units (both isomers populated for R = Me, the trans isomer visibly preferred for R = Bu). Consequently, we concluded that the presence of both isomers should be included in mechanistic studies of the bifunctional catalysts and simplified models may not be adequate to represent the real catalysts.



In the present work, we focus our attention on epoxide ring-opening reaction, as it is postulated to be a rate-limiting step in the CO2/epoxide copolymerization process catalyzed by Co(III)-salen-type systems [41,49]. In the case of asymmetric epoxides, such as popularly used in CO2/epoxide copolymerizations 1,2-epoxypropane, two pathways of such reaction are feasible, leading to two different regioisomers (see Figure 3). The C1 pathway occurs via breaking of the O-C1 bond; the monomer is thus incorporated into the polymer chain at its “head”. When an addition occurs due to the breaking of an O-C2 bond, the epoxide is inserted by the polymer chain “tail”. In the case of simple organic reactions, the dominant pathway is dictated by the environment—acidic environments favor C2, while in base-mediated reactions the C1 pathway is more frequent. However, in the case of CO2/epoxide copolymerization, both products of both pathways are reported, respectively, to catalyst design, cocatalyst presence, and CO2 pressure [5,7,19,21,22,41].



The systems considered in the present work are shown in Figure 4. We focus our attention on the bifunctional CO2/epoxide copolymerization catalyst that is based on the Co(III)-(S,S)-Me-salcy organometallic core (Me-salcy = N,N’-bis(3,5-dimethylsalicylidene)-1,2-trans-diaminocyclohexane) grafted with two quaternary ammonium salts with n-butyl substituents (labelled as 2) [31] and, for a comparison, simplified models without N+-chains, studied both without (1a, 1b) and with the presence of an anionic nucleophile (1a’, 1b’). The epoxide binding and the ring-opening reaction will be analyzed in detail, taking into account a variety of possible stereoisomers. The stereoselectivity of these processes for (S)- and (R)-enantiomers of propylene oxide (PO) will be addressed, as it was observed experimentally for binary catalysts [22,62]. Note, however, that in typical copolymerization experiments racemic PO is used, and to the best of our knowledge, enantioselectivity has not yet been considered in the case of the bifunctional catalysts studied here.




2. Results and Discussion


2.1. Considered Models and Stereoisomers


A thorough analysis of the possible isomeric molecular structures that may be encountered during the CO2/epoxide copolymerization process catalyzed by Co(III)-salen-type complexes enabled us to identify up to seven important stereoelements that, in general, have to be taken into account during mechanistic studies on these catalytic systems. The sources of stereoisomerism in the examined complexes, along with those adopted in this work’s labelling scheme, are summarized in Figure 5, and described in detail in Appendix A.



In the present account we focus on the Co(III)-complexes with salcy ligands. The presence of cyclohexane in the catalyst backbone leads to a reduction in the number of possible stereoisomers (compared to salen ligands, for instance). In all the systems studied here, we fixed the absolute configuration at chiral carbon atoms in the cyclohexane moiety of the Me-salcy ligand to (S,S) to exclude redundant structures. Consequently, the five-membered chelate ring adopts δ conformation as it is the only viable configuration for trans-(S,S)-cyclohexane, which, on the other hand, enabled us to neglect in the calculations the Δ configurations of cis-β complexes (see Appendix A). Therefore, for the model system 1, we consider the SS-δ-trans and SS-δ-Λ-cis-β stereoisomers of the catalyst in the complexes with (R)- and (S)-enantiomers of propylene oxide (denoted in the following as RPO and SPO). It should be emphasized here that in the present work we focus on the relative stability of the alternative isomers, without considering the possible interconversion reactions between these complexes, such as e.g., nondissociative ligand exchange processes [63,64,65,66,67]. Our previous results for simple Co(III)-salcy complexes [51] indicated that trans ↔ cis-β interconversions can be characterized by relatively low barriers (13–15 kcal/mol), but they involve disfavored pentacoordinated trans species. With the hexacoordinated systems considered here, higher-energy barriers may be expected.



In the case of the real system 2, based on the results for 1 and the literature data [36,41], we consider only the SS-δ-trans stereoisomers of the catalyst in the complexes with RPO and SPO. Here, however, the presence of two N+-salts leads to the occurrence of the stereoisomers resulting from the orientation of the N+-chains: a, c, n1, n2 (see Figure 6; for a more detailed description see Appendix A). Again, herein, we focus on the relative stability of the complexes representing these groups of stereoisomers, without considering the possible interconversion reactions between them.




2.2. Epoxide Binding in Model Sytems 1: Stereochemical Complementarity of Epoxide and Catalyst


Before discussing the results obtained for the real, bifunctional catalyst 2, we will present a detailed analysis of propylene oxide binding to the model catalyst 1, which does not contain N+-chains in the structure. The structures investigated here, 1a and 1b, differ in the anionic ligand bound to the metal center—acetate in 1a, and methylcarbonate in 1b. The acetate ion is present in the initial structure of the catalyst, while carbonate can be considered as the simplest model for the growing macromolecule attached to the metal center.



Based on the presented stereochemical considerations (see Section 2.1 and Appendix A), we focus our attention on SS-δ-trans- and δ-Λ-cis-β-type isomers; in the former case considering additionally two possible and nonequivalent coordination modes with the epoxide methyl group facing either inward (in) or outward (out) of the Schiff base ligand plane. The structure of the (in)-type was reported for similar salen-type complexes based on chromium(III) [49,68].



The minimum-energy structures for each considered isomer of the 1a complex are shown in Figure 7 and their relative energy and free-energy values are summarized in Table 1 together with those obtained for the analogous 1b structures. It should be emphasized that for each isomer there exist multiple (local) minima on the corresponding potential energy surfaces (PES). These structures differ in the orientation of the epoxide relative to the salcy-core of the catalyst. Therefore, a systematic conformational analysis was performed, including calculations of the energy profiles for the rotation of the epoxide around the Co-O(PO) bond with respect to the Co(III)-salcy fragment. Examples of such profiles are shown in Figure 7a. The relative energies of all the local minima corresponding to all computed rotational profiles for the considered isomers are presented in the Supplementary Materials (Table S1).



As can be seen, for 1a the lowest-energy structure found corresponds to SS-δ-trans-RPO(out) isomer in which the methyl group of PO points outward from the Me-salcy plane. In this structure N–Co–O(PO)–C1(PO) dihedral angle (ζ, see Figure 7 for the definition) is 211°. The C2 epoxide carbon is placed in the middle of the organometallic Co(III)-salcy core (between the oxygen donor atoms of the Schiff base), while C1 is hovering over the prochiral six-membered chelate ring. The corresponding (in)-type isomer, 1a-SS-δ-trans-RPO(in), is noticeably less stable (by 3.0 kcal/mol), and in its structure C1 and C2 epoxide atoms switch their places as compared to 1a-SS-δ-trans-RPO(out), namely C1 is placed above salen plane between oxygen atoms, while C2 is over the salen half-unit; ζ = 146°. The cis-β isomers considered here, 1a-SS-δ-Λ-cis-β1-RPO and 1a-SS-δ-Λ-cis-β2-RPO, are higher in energy by 8.0 and 4.7 kcal/mol, indicating that for such arrangement of the salen-based ligand with respect to the metal center, the propylene oxide bounds to Co(III) rather in its equatorial position than in the axial one.



In the case of SPO complexes, the lowest-energy structure is 1a-SS-δ-trans-SPO(out), which is slightly higher in energy than its RPO analogue (by 0.9 kcal/mol). 1a-SS-δ-trans-SPO(in) is higher in energy by 2.5 kcal/mol than 1a-SS-δ-trans-SPO(out). Both cis-β structures, 1a-SS-δ-Λ-cis-β2-SPO and 1a-SS-δ-Λ-cis-β2-SPO, are less stable, by 7.3 and 2.8 kcal/mol, respectively. The 1a isomers based on SPO demonstrate generally similar orientations of the epoxide C1-O-C2 ring relative to the Co-salcy plane to those observed in their respective RPO analogues, which seems to be consistent with the literature data [49,69]. The exception is the orientation of such a ring in the trans-(in)-type structures which could, however, be expected due to the presence of the epoxide methyl group facing inward of the Me-salcy ligand plane in these isomers.



As seen from the data presented in Table 1, a change of the anionic ligand bound to the Co(III) center, from acetate in 1a into methyl carbonate in 1b, does not much affect the positions of the respective energy minima in terms of the orientation of the epoxide with respect to the Co(III)-salcy fragment (described by ζ), and also has a rather minor effect on the relative energy values for the considered stereoisomers. Accordingly, the main trends observed for 1a remain preserved also for 1b. The most striking difference is that for 1b, the SS-δ-Λ-cis-β2 structure is more stable than for 1a. In particular, 1b-SS-δ-Λ-cis-β2-SPO is only by 0.9 kcal/mol higher in energy than 1b-SS-δ-trans-SPO(out) (and thus higher by 1.8 kcal/mol with respect to the global minimum, 1b-SS-δ-trans-RPO(out)).



A comparison of the corresponding relative electronic-energy and free-energy values indicates that at the free-energy level, the difference between the most stable isomers, SS-δ-trans-RPO(out) and SS-δ-trans-SPO(out) becomes smaller and, in practice, negligible (0.5 kcal/mol in the case of 1a with the reversal of preference to the SPO complex, and 0.2 kcal/mol in the case of 1b with the preservation of RPO system preference). Furthermore, the free-energy value of the SS-δ-Λ-cis-β2-SPO becomes very close to the values observed for preferred structures, SS-δ-trans-RPO(out) and SS-δ-trans-SPO(out). The free-energy order of the higher-energy local minima remains the same as the energy-based sequence.



It can be concluded that for each of the considered stereoisomers, there exist multiple minima for different epoxide arrangements. In every case, they are different in electronic energy/free energy for (R)- and (S)-enantiomers of PO. Further, a slight preference for the binding of the (R)-propylene oxide to the Co(III)-(S,S)-Me-salcy fragment can be observed at the energy level, while at the free-energy level, this preference practically disappears.




2.3. Epoxide Ring-Opening in the Model Systems 1


In order to get some insight concerning the possible importance of the stereoisomers discussed in the previous section in the ring-opening of epoxide, we have considered the systems 1a’ and 1b’ that correspond to the systems 1a and 1b with an additional carbonate ion added. A set of isomers of 1a’ and 1b’ was constructed starting from all the local minima present in trans and cis-β RPO and SPO stereoisomers of 1a and 1b (see Table 1 and Table S1), and attaching methyl carbonate in such a way that one of the carbonyl oxygen was located at the distance of 3 Å from the C1 or the C2 carbon atom. Such geometries were used as a starting point for unconstrained geometry optimizations to obtain structures of the prereactive local-minimum, as well as for reaction path calculations (linear-transit constrained optimizations), with the reaction coordinate defined as the distance between the closest carboxyl-oxygen of the carbonate anion and C1/C2 epoxide-carbon atom. The relative energies of the transition states (TS) and prereactive epoxide complexes along with the corresponding activation-energy barriers are collected in Table 2 for trans(out), cis-β1 and cis-β2 isomers of 1a’ and 1b’; note that only the preferred (i.e., of the lowest TS energy) pathways for each system are presented. The structures of the preferred transition states for 1a’ are presented in Figure 8.



The results indicate two main, general trends: (i) the epoxide-ring-opening pathways for trans(out) isomers are strongly preferred for both enantiomers; (ii) the C1-pathways are usually preferred over C2-attack (except for cis-β2-SPO systems).



Comparing the reactions involving trans and cis-β isomers, the latter seem to be not viable, mostly due to the destabilization of the prereactive complexes (  Δ  E  p r e     in the range of 3.6–14.4 kcal/mol for 1a’, and 6.7–10.3 kcal/mol for 1b’). For cis-β2 isomers the activation barriers can be as low as 1.7 and 2.4 kcal/mol for SPO with 1a’, and 2.2 and 4.7 for RPO with 1b’, but the corresponding initial epoxide complexes are incomparably higher in energy than the trans isomers (14.5 and 10.3 kcal/mol, respectively).



Comparing the preferred RPO and SPO ring-opening pathways proceeding in the trans(out) isomers, it can be seen that in the case of 1a’ the activation barrier for C1-attack is slightly lower for RPO (5.3 kcal/mol) than for SPO (5.9 kcal/mol), but the SPO prereactive complex is more stable (by 2.7 kcal/mol) than that of RPO. For 1b’, the barrier is noticeably lower for RPO (4.1 kcal/mol) than for SPO ring-opening (5.1 kcal/mol); moreover, the preference of the SPO-based prereactive complex (by 0.7 kcal/mol) is less pronounced.



The preference of the C1-pathway in the metal-free ring-opening reaction of asymmetric epoxides is known, and results mostly from the steric factors [48,49]. In the case of the models considered here we observe the strong preference of the C1-nucleophilic attack for most of the systems (except for the highly unstable cis-β2-SPO systems). The preference for nucleophilic attack at the C1-carbon atom in 1a’ and 1b’ can be nicely explained by the molecular electrostatic potential (MEP) distribution in the catalyst-epoxide complex. In Figure 9 we present the example of the deformation density map, Δρ = ρcomplex − (ρcatalyst + ρepoxide), and the MEP contour for the 1a-SS-δ-trans-RPO(out) complex. The Δρ plot shows the changes in the electron density due to the complex formation in the vicinity of the epoxide. It is clearly seen that the electron density is shifted from the carbon atoms (and the C-O bonds) towards the oxygen atom, forming a bond with the metal center of the catalyst. The outflow of the density from the two carbon atoms is approximately symmetrical (with slightly more negative density change on the C2 atom). In the Supplementary Materials (Figure S5) we additionally present the contour of the lowest-unoccupied-molecular-orbital (LUMO) density that shows slightly higher contribution in the vicinity of C1 atom compared to C2 (with major contribution in the Co-salcy area). The MEP contour indicates a strong preference of the nucleophilic attack on the C1 atom more clearly, as in its vicinity the MEP is visibly more positive than in the area surrounding the C2 atom.



We would also like to point out based on the literature [48,49,70] that the metal-free epoxide-opening reactions have relatively high barriers, and are endoergic processes. With the same methodology as applied here, the energy-based (gas-phase) activation barrier for the metal-free epoxide opening is 14.1 and 17.1 kcal/mol, for the nucleophilic attack at the C1 and C2 atom, respectively. The corresponding direct reaction products are higher in energy (compared to the initial complex) by 1.0 and 2.0 kcal/mol, respectively. Thus, the important effect of the catalyst lies not only in lowering the activation barrier, but also in stabilizing the product. It should be added that in the case of the reaction pathways studied here, the product alkoxide complexes are by ca. 7–19 kcal/mol lower in energy than the corresponding starting prereactive complexes.



Finally, a comparison of electronic-energy- and free-energy-based data presented in Table 2 indicates only minor, quantitative differences. A noticeable difference is observed for 1b’: the SPO prereactive complex has the lowest energy (lower by ca. 0.7 kcal/mol than the corresponding RPO system), while at the free-energy level the SPO vs. RPO preference is reversed (the RPO system becomes more stable by ca. 0.6 kcal/mol). Further, the activation energy is lower for 1b’-SS-δ-trans-RPO(out) (by ca. 1.0 kcal mol), and the activation free-energy is slightly lower for 1b’-SS-δ-trans-SPO(out) (by ca. 0.5 kcal/mol). Taking into account the fact that, at this point, the epoxide ring-opening was studied for the model, anionic systems (without the presence of the cation), one should be very careful with any interpretation of such small energy/free-energy differences. The main qualitative picture remains, however, the same, with the main conclusions regarding importance of trans-RPO/SPO(out) pathways, and the fact that there is practically no participation of cis-β complexes in ring-opening reaction, as well as the preference for C1-pathways being preserved.




2.4. Epoxide Binding in the Real System 2


The analysis of the epoxide ring-opening reaction in the model systems 1a’ and 1b’ presented in the previous section indicates that for the cis-β isomers it is unlikely to happen. Therefore, in the present account, in the case of the real catalyst 2, which in its structure contains two N+-chains, we focus only on the trans isomers.



As mentioned in Section 2.1 and Appendix A, in such a case, for each enantiomer of propylene oxide, four groups of stereoisomers resulting from the different orientation of N+-chains (a, c, n1, n2) have to be taken into account in the mechanistic studies (see Figure 6 and Figure A3 in Appendix A). Based on the previously developed computational protocol [51], the semiempirical (PM7) molecular dynamics simulations were carried out for each of these four classes of the stereoisomers with SPO and RPO. In each case, 701 geometries were first optimized with the PM7 method, and then the corresponding low-energy 141 minima were located on the DFT potential energy surface. This gives in total 1128 geometries of different epoxide-complex structures of 2 optimized at the DFT level. The minimum-energy complexes for each of the epoxide enantiomers, and each of the group of the catalyst stereoisomers are shown in Figure 10, and their relative energies are summarized in Table 3. In Supplementary Materials (Figure S1) the energies of all the optimized epoxide-complexes are collected. It should be pointed out that for both RPO and SPO, all located minima correspond to the (out)-type structures (compare with Section 2.2).



The results indicate that, indeed, different groups of stereoisomers are characterized by different energies. Moreover, different energetic preference is observed for RPO and SPO. In the case of SPO, the lowest-energy structure belongs to the n2 group, while for RPO, the lowest-energy complex represents the n1 group. The latter is 2.6 kcal/mol higher in energy than the former.



For SPO, the minimum-energy 2-SS-δ-trans-n1-SPO, 2-SS-δ-trans-c-SPO, and 2-SS-δ-trans-a-SPO complexes are, respectively, higher by ca. 5.0, 5.7, and 8.4 kcal/mol in energy than the “global minimum” 2-SS-δ-trans-n2-SPO structure. It is worth emphasizing that this means that for SPO, the computed population of the n2 isomers at T = 353 K exceeds 99.9%. The population of the “global minimum” geometry among all optimized SPO complexes is only ca. 31.2%.



For RPO, the energy differences between the groups of stereoisomers are slightly lower. The minimum-energy 2-SS-δ-trans-a-RPO, 2-SS-δ-trans-c-RPO, and 2-SS-δ-trans-n2-RPO complexes are higher in energy by, respectively, ca. 2.9, 3.6, and 3.9 kcal/mol than the lowest-energy RPO (2-SS-δ-trans-n1-RPO) structure. Accordingly, the total population of the preferred group (n1) at T= 353 K exceeds 97.2%, with 64.2% population of the lowest-energy RPO complex. Thus, the 2-SS-δ-trans-a-RPO and 2-SS-δ-trans-c-RPO are likely to be observed as well, with the total populations of ca. 1.5% and 1.0%, respectively. As we will discuss later, this is important for the catalytic activity in the RPO ring-opening.



As for the model systems 1 discussed in the previous section, the observed electronic-energy differences for the SPO and RPO complexes result from different “matching” of the propylene oxide enantiomers with the salcy-core of the catalyst, and further its interaction with the N+-chains. It is interesting to notice that the epoxide orientation in the complexes 2, follows in general the trends observed in 1, concerning its rotation with respect to the Co(III)-salcy fragment. The distribution of dihedral angle ζ describing the epoxide orientation in all SPO and RPO complexes with 2, is presented in Supplementary Materials (Figure S2).



Regarding the entropic effects, a comparison of the corresponding relative energy and free-energy values for the minimum-energy systems belonging to each considered stereoisomeric group indicates that the analysis based on ΔG does not change the qualitative picture obtained based on ΔE. In general, both the electronic-energy and free-energy order of the isomers listed in Table 3 and presented in Figure 10 is the same. The differences in the relative free-energies are slightly higher (up to ca. 1 kcal/mol) than in the relative energies. This means that at the free-energy level, the total populations of the lowest-energy groups of stereoisomers will be even larger than expected based on the relative energies.



Last, but not least, it is worth mentioning that for each of the considered stereoisomeric groups, the range of energies of the optimized minima on the potential energy surface (PES) is ca. 20–25 kcal/mol (see Figure S1 in Supplementary Materials). This confirms a posteriori that a careful sampling of the conformational space is indeed needed in the modeling of the real bifunctional Co(III)-salcy-catalysts.




2.5. Epoxide Ring-Opening in the Real Catalytic System 2


The size of the conformational space in the real system and—what follows—the presence of a large number of possible epoxide complexes suggests that the epoxide opening reaction can proceed along many alternative reaction pathways, passing through alternative transition states (TS). In order to locate possible TS, in the first step the possible prereactive complexes were identified among all the epoxide complexes discussed in the previous section. By the prereactive complex we mean here a geometry corresponding to the minimum on the potential energy surface from which a reaction pathway can directly lead to TS, without passing through other minima on PES. Accordingly, herein, the following arbitrary criterion was used: it was assumed that the reaction pathway can directly start from the complex in which any Ocarbonate-Cepoxide distance (between any of the carboxyl-oxygen atoms of any carbonate anion and any of the two epoxide-ring carbon atoms) is shorter than 3.2 Å. It may be expected that for longer distances, some reorganization of the system geometry will take place first, possibly going through other minima on PES. We identified the total number of 721 geometries that fulfill aforementioned criterion (313 for RPO, and 408 for SPO). For each of such prereactive complexes the reaction path calculations (linear-transit constrained optimizations) were performed, with the reaction coordinate defined as the distance between the closest carbonate-oxygen and epoxide-carbon atom.



For each of the pathways, its contribution to the effective rate constant of RPO and SPO ring-opening (   k  e f f , i   Δ E    ) was estimated, based on the activation energies and the populations of the prereactive complexes, as described in Appendix B. The most important pathways (i.e., those that contribute the most to the total    k  e f f   Δ E     for RPO and SPO) are summarized in Table 4. In the cases of both RPO and SPO, the sum of the contributions to the effective rate constant resulting from the pathways listed in the table exceeds 90% of its total value. The geometries of the two most important transition states for the opening of both enantiomers of propylene oxide are shown in Figure 11.



The results indicate that the opening of the RPO by the Co(III)-(S,S)-Me-salcy catalyst 2 should proceed slightly faster than that of SPO, with the ratio of the corresponding total effective rate constants ca. 6:5 (see Table 4). Furthermore, all the most important pathways for RPO opening belong solely to the a group, while for SPO they belong to the n2 group of considered SS-δ-trans stereoisomers. Although the possible prereactive complexes were also identified for other groups, their populations are very small, and the activation barriers relatively high. Finally, in the case of RPO, only the attack of the nucleophiles on the C1 epoxide atom is practically observed, while in the case of SPO, the C2 pathway may also occur.



It is worth recalling from the previous section (Section 2.4) that in the case of SPO complexes, the n2 stereoisomers are highly populated (99.9%, see Table 3). On the contrary, for RPO, the total population of the a isomers is only ca. 1.5 %. In general, the activation barriers for 2-SS-δ-trans-a-RPO (for the most effective paths) are lower than for SPO (2.1–9.8 kcal/mol vs. 6.9–15.3 kcal/mol, for RPO and SPO, respectively). Thus, it may be concluded that the catalyst activity in the RPO opening originates from lower activation barriers, while in the case of the SPO opening, the factor of importance is higher populations of the prereactive complexes. In the SS-δ-trans-a-RPO complexes, the mutual orientation of epoxide and the attacking anion interacting with quaternary cation of the N+-chain has the preferred “matching”.



Further, in the case of the Co(III)-(S,S)-Me-salcy system 2 and RPO, the catalyst appears to be “poisoned” by the formation of the inactive n1 complexes with the N+-chains (and thus, the carbonate anions) located on the opposite sides of the salcy “plane”. This may lead to the hypothesis that activity in the RPO ring-opening may be enhanced in the case of the catalysts in which a formation of the n1 isomers is not possible, e.g., the systems with three and four N+-chains present in the catalyst structure. Indeed, the most active bifunctional Co(III)-salcy catalyst has four salt units incorporated in its structure [31].



Finally, we would like to point out that in the current work the effective rate-constant contributions were calculated based on relative energies, not free-energies. This is justified by the high computational cost of the frequency calculations that would have to be performed for a large number of relatively large complexes. The free-energies were determined only for the crucial structures (prereactive complexes and the corresponding TS), in order to, at least qualitatively, check the influence of the entropic effects. A comparison of the electronic-energy and free-energy differences presented in Table 4 indicates that at the free-energy level both the prereactive complexes and TS are located higher than at the energy level. Thus, it may be expected that the effective rate constants based on the free-energy values could be by one- or two-orders of magnitude lower. However, the free-energy order of the prereactive complexes and transition states remains qualitatively similar. Therefore, we believe that the main overall picture emerging from the analysis based on the electronic-energy differences is correct.





3. Computational Details


All the results of Density Functional Theory (DFT) calculations presented here were obtained with the Amsterdam Density Functional (ADF) package (versions 2014.07 and 2017.103) [71,72,73]. Following our previous article [51], the Becke–Perdew (BP) exchange-correlation functional [74,75] was applied with the dispersion interactions accounted for by use of the semiempirical, Grimme’s D3 corrections with the Becke–Johnson damping [76]. Scalar relativistic corrections were included in the calculations within the zeroth-order regular approximation (ZORA) approximation [77,78,79,80,81]. The Slater-type all-electron TZP basis sets [82] were used for the systems including the model catalyst 1. In geometry optimization and reaction path (linear-transit) calculations for the complexes involving the real catalyst 2, the frozen-core (fc) approximation was applied: for cobalt atoms the fc-TZP basis set was used (with 1s-3p orbitals included in frozen core), and for the remaining elements fc-DZP basis (with 1s orbital frozen). Following the protocol developed in our previous studies [51], for the optimized geometries involving 2, the single-point energy calculations were performed with all-electron TZP basis sets to correct the total energy value. In the calculations of the Gibbs free energies reported (T = 298.15 K), analytic frequencies implementation [83,84,85] was used. In the present work, we do not consider solvation effects since our previously published results [51] indicated that different solvation models provide quantitatively different results.



To explore the conformational space of the systems involving catalyst 2, the complex computational protocol was applied, as described in detail in our previous article [51], by combining semiempirical PM7 [86] calculations performed with the MOPAC 2016 program [87], and the DFT approach (vide supra). Namely, the low-energy initial conformations for simplified systems were constructed using the systematic conformational search with the PM7 method. For the initial full structures of a-, c-, n1-, and n2-type stereoisomers of 2 with RPO and SPO, the semiempirical, Born–Oppenheimer molecular-dynamics (MD) simulations were performed. As in our previous articles [51,52], a locally developed MD driver program was used for this purpose, employing potential energy and forces acting on the nuclei from single-point PM7 calculations. In the simulations the Verlet-velocity algorithm [88,89] was used for the propagation of the nuclei (timestep = 1 fs); the temperature of the simulation (T = 353 K) was controlled by velocity scaling, initially switched on at every 5 timesteps during the system warm-up, and afterwards at every 150 timesteps. The total time of each simulation was 350 ps.



A set of geometries selected from each MD trajectory (every 500th geometry, i.e., 701 geometries in total) was first optimized with the PM7 method. Every 5th PM7-optimized geometry was further used in DFT calculations; this gives 141 minima located on the DFT potential energy surface for each stereoisomer, and in total—1128 geometries (= 8 × 141) of different epoxide-complex geometries optimized at the DFT level.



In order to locate the approximate TS for the possible epoxide-opening reaction pathways involving 2, each of the DFT geometries of the epoxide complexes was first analyzed, and the “prereactive complexes” were selected as those in which the O-C distance (between any of the carboxyl oxygen atoms of any carbonate anion and any of the two epoxide-ring carbon atoms) was shorter than 3.2 Å. For each of such prereactive complexes (total number 721, including 313 for RPO, and 408 for SPO), the reaction path calculations (linear-transit constrained optimizations) were performed, with the reaction coordinate defined as the distance between the closest carbonate-oxygen and epoxide-carbon atom. To check the influence of the entropic effects, the frequency calculations were performed only for the most important epoxide complexes and transition states reported in the paper; this is justified by the size of the systems involving catalyst 2 (187 atoms), and the large total number of the structures (ca. 1850) considered in the DFT calculations. The effective rate constants for the RPO and SPO opening were calculated as the sum of the contributions from all the alternative epoxide-opening pathways, based on the activation energies and the population of the prereactive complexes, as explained in detail in Appendix B.




4. Conclusions


In the present account we studied in detail the propylene oxide binding in the bifunctional CO2/epoxide copolymerization catalytic system that corresponds to the real, bifunctional Co(III)-salcy catalyst including two quaternary ammonium salts with n-butyl substituents (2) [31]. Further, the epoxide ring-opening reaction by methyl carbonate was investigated as one of the elementary steps in the CO2/epoxide copolymerization process. The results obtained for the real bifunctional catalyst were analyzed in reference to the model systems without the N+-chains (1 and 1′). We focused on the importance of different possible stereoisomers, and in particular, the stereoselectivity of the epoxide binding and ring-opening processes for the (S)- and (R)-enantiomers of propylene oxide was considered. In order to explore the conformational space in the case of the real catalyst 2, recently developed approach [51] was applied combining the systematic semiempirical (PM7) model-building approach, PM7-based MD simulations, and subsequent DFT geometry optimizations for hundreds of geometries. Finally, the analysis of the many possible reaction pathways was performed, starting with alternative epoxide-complex prereactive local minima.



The calculations for the model systems (1 and 1′) indicate that the epoxide ring-opening proceeds preferentially in trans catalysts’ configuration, and no participation of cis-β isomers is viable, due to the relatively high energy of cis-β epoxide complexes compared to the trans isomers. Further, nucleophilic attack at the methylene-carbon atom is preferred over that at the methine-carbon atom.



For the real bifunctional catalyst 2, with the (S,S)-configuration of cyclohexane, the results indicate a preference of RPO ring-opening over SPO ring-opening (ca. 6:5). Concerning the stereoisomers resulting from the orientation of N+-chains in the real catalyst, the a-type complexes participate in the ring-opening reaction for RPO, while the n2-type participate for SPO. The results indicate the strong energetic preference, and thus, the high population of the nonreactive n1-type complexes of RPO, which in fact may be a factor responsible for decreasing the activity of the catalyst 2 in the epoxide-ring opening reaction. Thus, the system with three or four N+-chains should be more active in RPO-ring opening, and a possibly higher preference for RPO should be observed for those catalysts. This will be a subject of our further studies.
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Appendix A


Stereochemistry of Metal-Salen-Type CO2/epoxide Copolymerization Catalytic Systems


The presence of the tetradentate salen-type ligand introduces several stereoelements at once. First, some such ligands, for example the one on which the complexes considered here are based, salcy, contain predefined stereoelements already present in their structure due to chiral atoms (SS, RR, RS ≡ SR). The remaining ones can be directly linked to the way in which such ligands may form their organometallic complexes. As mentioned in the introduction, three possible configurational isomers of salen-type ligands (and their corresponding complexes), trans, cis-β, cis-α, differing in a spatial arrangement of N2O2 ligand donor atoms, can be distinguished. In the case of octahedral cis isomers, a new stereogenic element emerges because of the spatial orientation of donor atoms around a metal center which make them chiral-at-metal (see Figure A1) [90,91,92]. Accordingly, for such complexes, further distinction into Λ and Δ helicity descriptors of configurational isomers can be made [93].
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Figure A1. Idealized visualization of enantiomeric arrangement of N2O2 Schiff base donor atoms resulting in the nonsuperimposable structures of cis-β complexes. Additional ligands are marked as X (or X1/X2 if priority precedence is important). Arabic numbers are used to express Cahn–Ingold–Prelog (CIP) atom priority precedence i.e., X1 has higher priority than X2. 
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The Λ and Δ helicity descriptors are assigned with respect to the skew-line convention [94] and the regular octahedron edge formalism of polydentate ligands [93] in a two-step procedure. First, consistent with the octahedron formalism, one selects the edges connecting the apexes where the donor atoms of the Schiff base ligand are placed. As depicted in Figure A1 for the cis-β complexes, there are two N–O edges and one N–N edge. Since additional requirements are that those edges cannot be either parallel or perpendicular, the only suitable lines in the cis isomers are N–O edges. Second, the sign of the smaller angle between the front line and rear line determines whether the stereoisomer is termed Λ (a positive value of an angle, anticlockwise, left handed helix) or Δ (a negative value of the angle, clockwise, right handed helix) [94]. Further distinction is possible if the coligands mutually differ (either as two distinctive molecules or one unsymmetrical bidentate ligand) and/or the symmetry importance of Schiff base ligand is applicable [95]. If an additional ligand(s) has nonequivalent donor atoms, Cahn–Ingold–Prelog (CIP) priority rules apply [96,97]. When an atom with higher CIP priority is placed against central atom of tetradentate ligand, such isomers are labelled as cis-β1, otherwise the compound is named cis-β2.



Additional stereoisomers for systems with salen-type ligands emerge due to nonequivalent conformations of the five-membered chelate ring comprising the metal center and ethylenediamine fragment within the multichelating ligand, δ and λ (see Figure A2). In general, such a ring can adopt two conformations—twist and envelope. In the latter, four atoms are coplanar while the fifth is out-of-plane; thus, such a conformation resembles an open envelope. In the case of the twist conformation, three out of five atoms are coplanar, while the two remaining adjacent atoms are maximally displaced in the opposite directions with respect to the ring plane. For a model chelate of ethylenediamine and cobalt, with respect to the CH2CH2 backbone, the formation of the envelope conformation forces two nitrogen atoms into eclipsed orientation, while in the twist conformation a gauche orientation of NH groups is possible. It is therefore expected that the twist conformation is more preferred than the envelope one due to destabilizing steric clashes of the eclipsed conformation in the latter. As depicted schematically in Figure A2a, the torsion angle between nitrogen atoms in the gauche orientation of the twist conformation can be either positive or negative; thus, nonequivalent structures are formed and designated by the letters δ or λ, respectively [98], and since they are related as mirror images, they constitute a pair of enantiomers.
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Figure A2. Panel (a): Alternative conformations for a twist isomer of five-membered ring in salen-type complexes. Arrow depicts the direction of the measured angle—positive value of angle corresponds to the λ conformer, while the δ conformer is characterized by negative angle value. Panel (b): Configurational (S,S) and (R,R) isomers of 1,2-cyclohexanediamine. Panel (c): Chelate conformation of trans-1,2-cyclohexanediamine ligand, presented as a Newman projection along CH2-CH2 bonds of cyclohexane ring. Arrow depicts the direction of the measured angle. HS / HR label indicates hydrogen atom connected to asymmetric carbon atom of S / R configuration. 
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For a simple, unsubstituted ethylenediamine unit, an interconversion between these δ / λ conformations is feasible through a ring-reversal process that transforms the cyclic conformer into an equivalent ring shape (twist → twist) but a pseudoaxial position becomes pseudoequatorial, whereas a pseudoequatorial one becomes pseudoaxial, and indeed in solution, both conformers may readily equilibrate. However, in the solid state, in which such transformation is blocked, both such structures were identified and found nonsuperposable [99]. In the case of trans-1,2-cyclohexanediamine fragment of either (R,R) or (S,S) stereochemistry due to the presence of chiral carbon atoms (see Figure A2b) such ring-reversal process is also blocked due to geometrical restriction; the interconversion of the vicinal nitrogen atoms from their equatorial positions into the axial ones that accompany such transformation would cause the breaking of at least one cobalt-nitrogen bond. Therefore, the incorporation of a trans-cyclohexanediamine unit into the complex structure locks five-membered chelate ring conformation in either the λ or δ orientation of nitrogen atoms, depending on the enantiomer. The absolute configuration (S,S) of asymmetric carbon atoms enforces the δ conformation of the chelate ring, while the (R,R) one imposes the λ conformer (see Figure A1c). Note that such a substructure is present in the Co(III)-salen-type systems that have been reported as the most prominent in terms of catalytic activity in CO2/epoxide copolymerization processes, and thus considered here within Me-salcy ligand. Analogical stereochemical analysis for catalytically less active systems with cis-(R,S)-1,2-cyclohexanediamine unit is presented in the Supplementary Materials Figure S3.



Based on a detailed analysis of the possible molecular structures of bifunctional catalytic systems, we also noticed that grafting a cocatalyst unit into a salen-type ligand may introduce a new stereogenic unit into the catalyst, resulting in the formation of conformational isomers which are related as mirror images. In Figure A3 stereoisomers of trans configuration are depicted, where for illustrative purposes, other possible stereogenic units are neglected. Postulated here isomerism arises from the placement of quaternary ammonium cation relative to the salen ligand that leads to three (four with CIP priority distinction) stereoisomers. Those labelled by the Latin letters a (anticlockwise) and c (clockwise) are mirror images, while the one labelled as n (nonchiral) is a mesocompound, due to the opposite cocatalyst orientation. In the latter case, when the axial positions of the metal center are saturated by nonequivalent ligands, further distinction into n1 and n2 is possible; n1 corresponds to the situation where both cocatalyst units are on the same side as the higher priority ligand, and n2 is used otherwise.
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Figure A3. Spatial arrangement of cocatalyst units in organometallic cobalt complex with salen-type ligand adopting trans configuration. Resulting stereoisomerism—conformational isomers are classified only with respect to the placement of quaternary nitrogen atoms, neglecting other possible stereogenic units. 
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The following procedure is proposed to discriminate between the anticlockwise and clockwise collective orientation of the cocatalyst chains (see Figure A3). Firstly, heteroatoms of the selected salen half-unit (nitrogen and oxygen atoms of the Schiff base and quaternary nitrogen atom of the incorporated cocatalyst) are ordered according to CIP priority rules; the oxygen atom has the highest priority and the cocatalyst N+ atom has the lowest. The assignment of a particular configuration depends on whether we move in a clockwise or counter-clockwise direction when going from the highest priority atom, through the middle atom to the lowest priority atom. Secondly, when both of salen half-units have assigned configuration, the collective configuration is established as follows. If both half-units have identical resulting configurations, the whole complex is assigned as that kind of configuration, e.g., double anticlockwise results in anticlockwise. If half-units have opposing configurations, the whole complex is termed a mesocompound and in terms of cocatalyst orientation is nonchiral. In such cases the conformers are labelled by n, n1 or n2 as explained earlier. The classification method described above may be applied to any structural isomer of bifunctional catalyst, i.e., cis-α, cis-β and trans, as the configuration of each half-unit is determined separately and then the resulting “global” configuration is established. However, some uncertainties arises in case of cis isomers when a single ligand saturates both positions. In the case of cis-α, to discriminate between the n1 and n2 isomers, CIP priority rules should be applied to establish the priority of the donor atoms of the additional ligand. For cis-β, the situation is a bit different, thus the distinction between n1 and n2 is based on whether the cocatalyst units are on the same side as the additional ligand or on the opposite side.



Finally, when considering the possible sources of stereoisomerism in the metal-salen-type CO2/epoxide copolymerization catalytic systems, one cannot forget that reactants (such as for example 1,2-epoxypropane) and consequently products (the growing polymer chains into which the epoxide molecules were incorporated) may also possess chirality centers in their structure, multiplying the number of possible isomers which must be included in the studies on the structure–activity relationship of such catalysts. In the presented studies both of the configurational isomers of epoxide (R-1,2-epoxypropane and S-1,2-epoxypropane) are included in the models, while as a polymer it is approximated by simple methylcarbonate ion, the only stereogenic unit in polymer chains taken into account is that resulting from single epoxypropane insertion.



To summarize, collectively, all identified stereoelements clearly define distinctive types of nonequivalent structures, but the number of unique ones is lower due to enantiomeric pairs, and the labelling scheme (see Figure 5) is proposed for the most complex catalytic system that may be created. Where simplifications are possible, the respective labels can be omitted. Furthermore, in the systems studied in the present work, we fixed the absolute configuration at chiral carbon atoms in the cyclohexane moiety of the Me-salcy ligand to (S,S) to exclude redundant structures. Consequently, the five-membered chelate ring adopts δ conformation as it is the only viable option for trans-(S,S)-cyclohexane. Furthermore, in the calculations of cis-β complexes we neglect the δ-Δ isomers, as initial calculations for the model catalyst (without epoxide) indicated relatively strong energetic preferences of matching combinations of the δ-Λ (or its corresponding enantiomer λ-Δ); see Supplementary Materials (Figure S4).





Appendix B


Estimation of the Epoxide Ring-Opening Effective Rate Constant


The approach applied here is closely related to the “theoretical activity parameter” used by us previously [100,101] in modeling the activity of ethylene polymerization catalysts.



The main point is that in the case of systems with large conformational space, when there exist a lot of alternative reaction pathways starting from many alternative prereactive complexes (here: epoxide complexes with 2), assuming the equilibrium between them, the effective reaction rate constant will contain contributions from many pathways:


   k  e f f   =   ∑  i   k  e f f ,     i    



(A1)







Each of these contributions, keff, i, depends on the population of the i-th prereactive complex,    p  p r e , i     , and the reaction rate constant, ki:


   k  e f f ,     i   =  p  p r e , i     k i   



(A2)




Here, ki at temperature T can be calculated in the standard way following the transition-state theory, based on the activation barrier   Δ  G i #    value:


   k i  =    k B  T  h  exp  (    − Δ  G i #     k B  T    )   



(A3)




where kB and h are the Boltzmann and Planck constants, respectively. The populations of the prereactive complexes follow from the Boltzmann statistics:


   p  p r e , i    =   exp  (    − Δ  G  p r e , i       k B  T    )     ∑ j  exp  (    − Δ  G  p r e , j       k B  T    )     



(A4)




where   Δ  G  p r e , i      is the free-energy difference between the i-th and the minimum-energy complex. These populations are normalized to unity:


    ∑  i   p  p r e , i    = 1  



(A5)







In the present work, we estimate the populations, and the effective rate constant based on the relative electronic energies and activation energies (not free energies):


   p  p r e , i    ≈  p  p r e , i   Δ E   =   exp  (    − Δ  E  p r e , i       k B  T    )     ∑ j  exp  (    − Δ  E  p r e , j       k B  T    )     



(A6)






   k  e f f ,   i   ≈  k  e f f ,   i   Δ E   =  p  p r e , i   Δ E      k B  T  h  exp  (    − Δ  E i #     k B  T    )   



(A7)




which is justified by the size and complexity of the systems considered. Furthermore, a comparison of the relative electronic energies and relative free energies indicates that the qualitative picture should not be affected by such an approximation. Certainly, the calculated absolute values of the effective rate constants cannot be compared to experimental values and can be used in relative comparisons, like RPO vs. SPO in the case of the present account.
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Figure 1. Example catalytic systems for CO2/epoxides copolymerization processes based on Co(III)-salcy complexes. 
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Figure 2. Idealized possible arrangements of salen-type ligand in the octahedral organometallic Co(III) complexes with schematically depicted position of N2O2 Schiff base donor atoms. Two vacant positions, available for other additional ligand or ligands (if any), are marked by X. 
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Figure 3. Possible pathways for coupling reaction of 1,2-epoxypropane and methylcarbonate. Two products can be potentially formed due to the attack of the nucleophile on either methylene or methine carbon atom (C1 and C2 pathway, respectively). 
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Figure 4. Schematic representation of Co(III) complexes studied in the presented work. The model systems 1 and 1′ differ in the presence of the methyl carbonate anion (Y−) reacting with epoxide, which is omitted in 1a and 1b, but included in 1a’ and 1b’; as no additional ammonium cation was considered for 1a’ and 1b’, such systems are thus anionic. Note that 1 and 1′ are simplified models of 2. 
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Figure 5. Summary of factors causing stereoisomerism in the investigated Co(III)-salcy CO2/epoxide catalytic systems along with the adopted labelling convention. 
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Figure 6. Schematic representation of stereoisomers resulting from spatial arrangement of cocatalyst units in organometallic cobalt complex with salen-type ligand adopting trans configuration (see Appendix A). For clarity, only one X–, bound to the metal is shown. 
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Figure 7. Part (a): Optimized minimum-energy molecular structures of 1a-SS-δ-trans-RPO(out) and 1a-SS-δ-trans-SPO(out) along with the corresponding electronic-energy profiles for the rotation of the epoxide with respect to the Co(III)-salcy fragment. Dihedral angle ζ is defined by four atoms labelled in each structure (C1(PO)–O(PO)–Co–N or C1(PO)–O(PO)–Co–O angle marked in blue). Part (b): Minimum-energy molecular structures of 1a for remaining stereoisomers considered. Relative electronic-energy values (ΔE) given in kcal/mol. 
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Figure 8. Structures of TS for the C1 (left) and C2 (right) pathways of the RPO- (top), and SPO- (bottom) ring-opening reactions with 1a’-SS-δ-trans model catalyst. 
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Figure 9. Deformation density, Δρ = ρcomplex − (ρcatalyst + ρepoxide), colored-contour map (top), and molecular electrostatic potential (bottom) plotted on the electron density surface (ρ = 0.001 a.u.) for 1a-SS-δ-trans-RPO(out) complex. 
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Figure 10. The lowest-energy RPO and SPO complexes within each group of a, c, n1, and n2 isomers of 2-SS-δ-trans system. The relative electronic-energy and free-energy values (ΔE and ΔG in kcal/mol, see also Table 3) calculated with respect to the “global minimum” structure, 2-SS-δ-trans-n2-SPO. Hydrogen atoms are not shown for clarity. 
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Figure 11. Structures of the most important transition states for RPO- and SPO-opening pathways in the case of 2-SS-δ-trans isomers. See also Table 4. 
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Table 1. Relative electronic-energy and free-energy values (ΔE and ΔG, in kcal/mol) of the lowest-energy RPO and SPO epoxide complexes within each group of considered stereoisomers of 1a and 1b. Dihedral angle ζ (in o) describes orientation of epoxide relative to the Co(III)-salcy fragment, (see Figure 7). The relative electronic energies/free energies of RPO/SPO complexes were calculated with respect to the lowest-energy RPO/SPO structure, while the numbers in parentheses correspond to the relative electronic-energy/free-energy values calculated with respect to the “global minimum” epoxide complex.
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Stereoisomer

	
1a

	
1b




	

	
ζ

	
ΔE

	
ΔG

	
ζ

	
ΔE

	
ΔG






	
SS-δ-trans-RPO(out)

	
211

	
0.00

	
0.00 (0.47)

	
206

	
0.00

	
0.00




	
SS-δ-trans-RPO(in)

	
146

	
3.04

	
2.69 (3.16)

	
146

	
3.08

	
1.92




	
SS-δ-Λ-cis-β1-RPO

	
213

	
7.99

	
7.21 (7.68)

	
212

	
7.25

	
6.96




	
SS-δ-Λ-cis-β2-RPO

	
34

	
4.75

	
3.67 (4.14)

	
31

	
2.44

	
2.58




	
SS-δ-trans-SPO(out)

	
67

	
0.00 (0.88)

	
0.00

	
66

	
0.00 (0.92)

	
0.00 (0.20)




	
SS-δ-trans-SPO(in)

	
209

	
2.55 (3.44)

	
3.34

	
207

	
3.44 (4.35)

	
5.00 (5.20)




	
SS-δ-Λ-cis-β1-SPO

	
71

	
7.32 (8.21)

	
7.54

	
72

	
5.75 (6.67)

	
6.42 (6.62)




	
SS-δ-Λ-cis-β2-SPO

	
322

	
2.79 (3.68)

	
3.82

	
318

	
0.92 (1.84)

	
0.15 (0.35)
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Table 2. Summary of the most important epoxide-opening reaction pathways for the stereoisomers of 1a’ and 1b’: the relative electronic energies and free energies for TS and prereactive complexes, and the corresponding activation barriers (in kcal/mol). The relative electronic energies/free energies for TS (  Δ  E  T S     and   Δ  G  T S    ) and prereactive complexes (  Δ  E  p r e     and   Δ  G  p r e    ) are calculated with respect to the minimum-energy RPO or SPO 1 complex, while the numbers in parentheses correspond to the relative electronic-energy/free-energy values calculated with respect to the “global minimum” epoxide complex. The activation barriers are expressed with respect to the corresponding prereactive complexes.
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System/Stereoisomer

	
Path

	
Relative Electronic-Energies

	
Relative Free-Energies




	

	
    Δ  E  T S      

	
    Δ  E  p r e      

	
    Δ  E  #     

	
    Δ  G  T S      

	
    Δ  G  p r e      

	
    Δ  G  #     






	
1a’-RPO:

	

	

	

	

	

	

	




	
1a’-SS-δ-trans-RPO(out)

	
C1

	
5.26 (7.95)

	
0.00 (2.69)

	
5.26

	
5.00 (8.73)

	
0.27 (4.00)

	
4.73




	
1a’-SS-δ-trans-RPO(out)

	
C2

	
7.66 (10.35)

	
0.00 (2.69)

	
7.66

	
6.38 (10.11)

	
0.27 (4.00)

	
6.11




	
1a’-SS-δ-Λ-cis-β1-RPO

	
C1

	
20.33 (23.02)

	
9.31 (12.00)

	
11.02

	
17.72 (21.45)

	
8.38 (12.11)

	
9.34




	
1a’-SS-δ-Λ-cis-β1-RPO

	
C2

	
19.09 (21.78)

	
6.16 (8.85)

	
12.93

	
16.92 (20.65)

	
11.61 (15.34)

	
5.31




	
1a’-SS-δ-Λ-cis-β2-RPO

	
C1

	
16.90 (19.59)

	
3.58 (6.27)

	
13.32

	
13.91 (17.64)

	
1.21 (4.94)

	
12.70




	
1a’-SS-δ-Λ-cis-β2-RPO

	
C2

	
17.05 (19.74)

	
10.99 (13.68)

	
6.06

	
16.04 (19.77)

	
5.21 (8.94)

	
10.83




	
1a’-SPO:

	

	

	

	

	

	

	




	
1a’-SS-δ-trans-SPO(out) 1

	
C1

	
8.19

	
2.26

	
5.93

	
8.89

	
1.57

	
7.32




	
1a’-SS-δ-trans-SPO(out)

	
C2

	
8.61

	
2.26

	
6.35

	
8.89

	
1.57

	
7.54




	
1a’-SS-δ-Λ-cis-β1-SPO

	
C1

	
19.59

	
10.86

	
8.73

	
20.84

	
10.68

	
10.16




	
1a’-SS-δ-Λ-cis-β1-SPO

	
C2

	
19.27

	
10.86

	
8.41

	
20.84

	
10.68

	
7.59




	
1a’-SS-δ-Λ-cis-β2-SPO

	
C1

	
16.83

	
14.45

	
2.38

	
17.44

	
14.27

	
3.17




	
1a’-SS-δ-Λ-cis-β2-SPO

	
C2

	
16.14

	
14.45

	
1.69

	
18.70

	
14.27

	
4.43




	
1b’-RPO:

	

	

	

	

	

	

	




	
1b’-SS-δ-trans-RPO(out)

	
C1

	
4.10 (4.82)

	
0.00 (0.72)

	
4.10

	
5.84

	
0.00

	
5.84




	
1b’-SS-δ-trans-RPO(out)

	
C2

	
6.69 (7.41)

	
0.00 (0.72)

	
6.69

	
6.87

	
0.00

	
6.87




	
1b’-SS-δ-Λ-cis-β1-RPO

	
C1

	
15.03 (15.75)

	
9.00 (9.72)

	
6.03

	
17.00

	
12.53

	
4.47




	
1b’-SS-δ-Λ-cis-β1-RPO

	
C2

	
17.09 (17.81)

	
6.70 (7.42)

	
10.39

	
18.99

	
9.00

	
9.99




	
1b’-SS-δ-Λ-cis-β2-RPO

	
C1

	
12.45 (13.17)

	
10.33 (11.05)

	
2.12

	
14.41

	
12.55

	
1.86




	
1b’-SS-δ-Λ-cis-β2-RPO

	
C2

	
15.02 (15.74)

	
10.33 (11.05)

	
4.69

	
14.92

	
12.55

	
2.37




	
1b’-SPO:

	

	

	

	

	

	

	




	
1b’-SS-δ-trans-SPO(out)

	
C1

	
5.10

	
0.00

	
5.10

	
5.50 (6.06)

	
0.00 (0.56)

	
5.50




	
1b’-SS-δ-trans-SPO(out)

	
C2

	
5.37

	
0.00

	
5.37

	
5.63 (6.19)

	
0.00 (0.56)

	
5.63




	
1b’-SS-δ-Λ-cis-β1-SPO

	
C1

	
16.31

	
7.03

	
9.28

	
16.82 (17.38)

	
8.04 (8.60)

	
8.78




	
1b’-SS-δ-Λ-cis-β1-SPO

	
C2

	
17.80

	
7.03

	
10.77

	
15.54 (16.10)

	
8.04 (8.60)

	
7.50




	
1b’-SS-δ-Λ-cis-β2-SPO

	
C1

	
16.56

	
9.64

	
6.92

	
17.46 (18.02)

	
10.34 (10.90)

	
7.12




	
1b’-SS-δ-Λ-cis-β2-SPO

	
C2

	
15.70

	
9.64

	
6.06

	
15.76 (16.32)

	
10.34 (10.90)

	
5.42








1 Note that the prereactive geometry of 1a’-SS-δ-trans-SPO(out) included in the table does not correspond to the lowest- energy SPO complex with 1a’ (the lowest-energy complex is also 1a’-SS-δ-trans-SPO(out) isomer, but it leads to much higher-energy TS, and therefore, it is not included in the table).
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Table 3. Relative electronic-energy and free-energy values (ΔE and ΔG, in kcal/mol) of the lowest-energy RPO and SPO epoxide complexes within each group of a, c, n1, and n2 isomers of 2-SS-δ-trans, along with the corresponding Boltzmann-computed values of the population of the respective RPO / SPO minimum-energy complex among all considered RPO / SPO structures (   p  m i n   Δ E    , in %). Additionally, in the last column, the population of all RPO/SPO complexes optimized for each group of isomers among all considered RPO/SPO structures (   p  t o t   Δ E    , in %) is listed. The relative electronic energies/free energies of RPO/SPO complexes were calculated with respect to the lowest-energy RPO/SPO structure, while the numbers in parentheses correspond to the relative electronic-energy/free-energy values calculated with respect to the “global minimum” epoxide complex, 2-SS-δ-trans-n2-SPO. Note that all located minima correspond to the (out)-type structures.
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	System/Stereoisomer
	ΔE
	ΔG
	     p  m i n   Δ E      
	     p  t o t   Δ E      





	2-SS-δ-trans-a-RPO
	2.93 (5.57)
	4.39 (6.16)
	0.98
	1.51



	2-SS-δ-trans-c-RPO
	3.58 (6.22)
	5.49 (7.26)
	0.23
	0.97



	2-SS-δ-trans-n1-RPO
	0.00 (2.64)
	0.00 (1.77)
	64.25
	97.24



	2-SS-δ-trans-n2-RPO
	3.95 (6.59)
	4.86 (6.63)
	0.39
	0.28



	2-SS-δ-trans-a-SPO
	8.40
	8.99
	0.00
	0.00



	2-SS-δ-trans-c-SPO
	5.00
	5.07
	0.03
	0.06



	2-SS-δ-trans-n1-SPO
	5.68
	6.74
	0.01
	0.02



	2-SS-δ-trans-n2-SPO
	0.00
	0.00
	31.23
	99.92
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Table 4. Summary of the most important epoxide-opening reaction pathways for 2-SS-δ-trans-a-RPO and 2-SS-δ-trans-n2-SPO systems: the contribution to the effective rate constant (   k  e f f , i   Δ E    , in s−1), relative electronic energies and free energies (in kcal/mol) of the transition states (  Δ  E  T S , i       and   Δ  G  T S , i    ) and prereactive epoxide complexes (  Δ  E  p r e , i     and   Δ  G  p r e , i    ), and the corresponding activation barriers (  Δ  E i #    and   Δ  G i #   ). The relative electronic energies/free energies of RPO/SPO complexes were calculated with respect to the minimum-energy RPO/SPO structure. The activation barriers were expressed with respect to the corresponding prereactive complex.
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System / i / Path

	
Rate-Constant Contribution

	
Relative Energies

	
Relative Free-Energies






	

	
   k  e f f , i   Δ E     × 10−3

	
   Δ  E  T S , i     

	
   Δ  E  p r e , i     

	
   Δ  E i #    

	
   Δ  G  T S , i     

	
   Δ  G  p r e , i     

	
   Δ  G i #    




	
2-SS-δ-trans-a-RPO:

	

	

	

	

	

	

	




	
1 / C1

	
15.92

	
13.68

	
3.89

	
9.79

	
16.73

	
5.11

	
11.62




	
2 / C1

	
6.30

	
14.33

	
8.83

	
5.50

	
17.48

	
11.13

	
6.35




	
3 / C1

	
2.07

	
15.11

	
6.62

	
8.49

	
18.79

	
10.25

	
8.54




	
4 / C1

	
1.80

	
15.21

	
10.34

	
4.87

	
20.32

	
13.19

	
7.13




	
5 / C1

	
1.70

	
15.25

	
13.19

	
2.06

	
17.65

	
14.81

	
2.84




	
Total RPO:

	
29.83

	

	

	

	

	

	




	
2-SS-δ-trans-n2-SPO:

	

	

	

	

	

	

	




	
1 / C2

	
15.79

	
13.18

	
6.26

	
6.92

	
14.69

	
5.81

	
8.88




	
2 / C1

	
4.70

	
14.03

	
0.97

	
13.06

	
14.34

	
1.21

	
13.13




	
3 / C1

	
1.48

	
14.84

	
2.45

	
12.39

	
15.80

	
3.28

	
12.52




	
4 / C1

	
0.72

	
15.35

	
0.00

	
15.35

	
15.81

	
0.00

	
15.81




	
5 / C2

	
0.62

	
15.45

	
5.59

	
9.86

	
16.42

	
6.33

	
10.09




	
Total SPO:

	
25.80
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