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Abstract

:

The importance of epoxides as synthetic intermediates in a number of highly added-value chemicals, as well as the search for novel and more sustainable chemical processes have brought considerable attention to the catalytic activity of manganese and iron complexes towards the epoxidation of alkenes using non-toxic terminal oxidants. Particular attention has been given to Mn(salen) and Fe(porphyrin) catalysts. While the former attain remarkable enantioselectivity towards the epoxidation of cis-alkenes, the latter also serve as an important model for the behavior of cytochrome P450, thus allowing the exploration of complex biological processes. In this review, a systematic survey of the bibliographical data for the theoretical studies on Mn- and Fe-catalyzed epoxidations is presented. The most interesting patterns and trends are reported and finally analyzed using an evaluation framework similar to the SWOT (Strengths, Weaknesses, Opportunities and Threats) analysis performed in enterprise media, with the ultimate aim to provide an overview of current trends and areas for future exploration.
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1. Introduction and Context


Epoxides are cyclic ethers in which one oxygen atom and two carbon atoms are arranged approximately as an equilateral triangle. A significant amount of strain energy emerges from this particular arrangement of atoms, making any ring-opening reaction highly exothermic. These highly reactive, yet apparently simple structures may take part in a number of different reactions [1]. Moreover, up to two chiral carbon atoms may form upon ring opening. Because of this, epoxides are well-established intermediates in asymmetric synthesis, being important intermediates in the synthesis of more complex chemical structures, such as medicines, fragrances and polymers [2,3]. Different synthetic routes are available for the formation of epoxides, usually involving the use of a organic epoxidizing agents, such as organic peracids (or peroxy acids), oxone (potassium peroxymonosulfate), dioxiranes or oxaziridines. However, the use of organic epoxidizing agents is hindered by the high cost of these compounds, their relatively low active oxygen content (worst atom economy) and their potentially harmful by-products. Peroxides, in particular hydrogen peroxide, H2O2 and tert-butyl hydroperoxide (TBHP), offer viable alternatives to the use of molecular oxygen. As an oxidant, H2O2 offers the largest atom economy (besides molecular O2). Being liquids, both H2O2 and TBHP are easier to transport, store and manipulate than O2. Their by-products are either environmentally harmless (water) or can be recycled into the production of TBHP [4]. Moreover, H2O2/organic mixtures are much safer to handle than those with O2, and TBHP/organic mixtures are even more stable. What is more, the use of efficient catalysts, such as zeolites, metal oxides and transition metal complexes, allows for milder reaction conditions [5], allowing the synthesis of structurally-complex epoxides.



Transition Metal (TM) complexes are very important catalysts in the epoxidation of simple alkenes and other olefinic materials, such as allylic alcohols using H2O2 or TBHP as primary oxygen sources. Their use allows the synthesis of more complex epoxides, as well as the regioselective epoxidation of poly-unsaturated compounds or the stereoselective formation of chiral epoxides. The field of alkene epoxidation catalyzed by transition metal complexes is remarkably diverse, with a multitude of metal/ligand combinations being available [6]. What is more, some of the most successful approaches for achieving high stereoselectivity in the epoxidation of unfunctionalized olefins evolved from a biomimetic strategy. Cytochrome P-450 enzymes are a family of porphyrin-bearing proteins involved in xenobiotic metabolism, biosynthesis of steroids, lipids, vitamins and other natural products [7]. Synthetic iron and manganese bearing metalloporphyrins (1, in Figure 1) were originally developed in the 1980s as models for investigating the reactivity of P-450 [8] . Many of these compounds have been reported to catalyze the epoxidation of unfunctionalized olefins.



At the same time, the N,N-ethylene bis(salicyldeneaminato) ligand (2 in Figure 1; henceforward salen) aroused the interest of synthetic chemists as an alternative model compound for the active site of P-450 [9]. Many of these complexes bear catalytic activity towards the epoxidation of unfunctionalized olefins, and over 2500 transition metal complexes based on the salen scaffold have been described and characterized [10]. Chromium-salen, nickel-salen and manganese-salen complexes bear some interesting catalytic activity towards the epoxidation of olefins [11]. However, manganese-salen (Mn(salen)) complexes are by far the most efficient catalysts carrying the salen ligand [9]. This led to the establishment of the Mn(salen) catalyzed epoxidation of olefins, also known as the Jacobsen–Katsuki epoxidation, to become one of the most important preparative epoxidation techniques [11]. Other relevant ligand features in catalysts for alkene epoxidation are corroles (3, structurally similar to porphyrins) [12] and bis-amino-phenolate ligands (4, structurally related to salen) [13], which are also represented in Figure 1.



The prominence of porphyrin and salen scaffolds in the design of Mn and Fe catalysts for epoxidation reactions is well illustrated by some past reviews on the matter. In particular, iron-porphyrins have been the subject of extensive reviews, due to their biological relevance as part of cytochrome P450 [14,15], with their use as catalysts in epoxidation reactions being highlighted on many occasions [16]. On the other hand, the efficiency of the Jacobsen-Katsuki epoxidation prompted the study of Mn(salen), which is much more focused on their catalytic activity towards the epoxidation of alkenes.



Historically, two works stand in this matter: the comprehensive survey of the variants on the Jacobsen–Katsuki process made by Katsuki in 1996 [9] and the extended review by McGarrigle and Gilheany [11] on chromium and manganese-salen-promoted epoxidation of alkenes. The most interesting aspect of McGarrigle and Gilheany’s review is their account of the new contributions provided by theoretical chemistry studies and also the main shortcomings in such studies. According to McGarrigle and Gilheany [11], the three main themes in theoretical studies are: the geometry, spin state and radical nature of the active catalyst; the conformation of both the catalyst in both active and inactive forms; and the reaction mechanism. This latter category can be further sub-divided into studying the formation of the active specie(s) responsible for the epoxidation of the substrate and the oxidation of the C=C bond per se. What is more, the main shortcomings on the theoretical study of Mn(salen) systems were also identified. These include the choice of computational method: whether it is Hartree–Fock (HF), Density Functional Theory (DFT) or post-HF methods, such as Complete Active-Space Self Consistent Field (CASSCF), Coupled Cluster (CC) or Møller–Plesset Perturbation Theory (MP2). In the case of DFT calculations, a further issue lies with the choice of a particular functional, with different functionals giving qualitatively different results [11,17,18]. Also associated with the choice of computational method comes the choice of the basis set on which the resulting wavefunction (density function in DFT calculations) is expressed. Furthermore, one of the most prominent critiques made by McGarrigle and Gilheany [11] lies in the use of truncated models, namely Mn(acacen) (5, in Figure 2), which does not carry the chiral nature of the more elaborated Jacobsen catalyst (6, in Figure 2), nor represent the conjugated π system of the simpler salen complexes (2). As stated by McGarrigle and Gilheany [11], such shortcomings are mostly due to the computational cost of ab initio calculations on this type of system, which should be surpassed with the development of computer technology and computational methods.



Undoubtedly, many of the insights provided by McGarrigle and Gilheany [11] also apply to the theoretical study of other manganese and iron catalysts. It is thus justified that, over a decade later, the current state of the art in the theoretical modeling of Mn- and Fe-catalyzed epoxidations is addressed.



1.1. Scope of the Review


This review covers the contributions made to the understanding of the manganese and iron-catalyzed epoxidation of alkenes and other olefinic substrates during the last 20 years (1996–2016). We furthermore endeavor to interpret the information contained in these works in terms of a Strengths, Weaknesses, Opportunities and Threats (SWOT) analysis. For this aim, the primary bibliographic sources were collected from Thomson Reuters’ ISI Web of Science matching the following search criteria: “(MANGANESE OR MN OR IRON OR FE) AND EPOXIDATION AND (THEORETICAL OR COMPUTATIONAL AB INITIO OR FIRST PRINCIPLES OR DFT OR MP2 OR CASSCF)”, which was further filtered to match the time frame mentioned above.



A total of 210 entries were collected (including one errata). Four entries were Abstracts Papers of the American Chemical Society and were excluded from further consideration. Moreover, three entries [19,20,21] were not written in English (apart from the abstract), thus limiting our access to the information therein. Further inspection of the abstracts led to discarding 92 sources due to a lack of theoretical content, or a focus on other reactions (mainly C−H hydroxylation), or a focus on other TM, such as chromium, ruthenium, titanium and vanadium. This bibliographical survey was carried out in August 2016, but the release of bibliographic sources matching these search criteria was monitored until October 2016. Statistical analysis and data mining of the bibliographical data were performed using R [22].





2. Statistical Meta-Analysis


A collection of the most common words found in the abstracts of the bibliographical sources (after removing common English stop words) highlights the importance of DFT methods in this research area, with the B3LYP functional being often mentioned. Indeed, 106 (90%) of the entries mentioned DFT calculations. Surprisingly, 18% of the entries also mentioned the HF method, although further inspection reveals that this is usually done either in the context of the exact exchange in DFT functionals or when obtaining the reference wavefunction for more advanced post-HF methods, such as MP2 (mentioned in 8.5% of the sources), coupled cluster (17% of the entries mention CCSD) or CASSCF (also mentioned in 13% of the sources). Other relevant terms pertaining to the level of theory used in these studies reveal some popularity of Valence Bond (VB) calculations, mentioned in 10 sources, and also classical Molecular Mechanics (MM), which is mentioned in 15 sources (all of which also mention hybrid QM/MM calculations).



Within the realm of DFT calculations, Table 1 shows almost the complete hegemony of B3LYP, which despite its inadequacy towards the treatment of TM systems [17,23], remains as the de facto standard for DFT calculations. Other common functionals are BP86and LSD. As can be inferred from Table 1, a significant number of papers cites results from more than one functional. It is well known that B3LYP and other hybrid functionals (containing exact HF exchange) are prone to overestimate the stability of high-spin complexes, whereas local functionals (such as BP86 and LSD) tend to do otherwise [23]. Thus, the use of more than one functional (especially different in their exchange component) might be a strategy to reach an ad hoc middle ground. This hypothesis will be addressed later in this work. From among the newer meta-GGAfunctionals, only the M06suite stands out. This might come as a surprise, since the M06, M06-HF and M06-2Xfunctionals are specially tailored for predicting TM thermodynamic properties [24]. On the other hand, their relative lower age and the fewer number of computational implementations available might cause the scarcity of studies using them. What is more, newer double hybrid functionals, such as B2PLYP(which contains a component of explicit MP2 correlation), are yet to be applied to the study of these complexes and their reactivity. This absence is possibly due to the high computational cost of calculating the explicit MP2 correlation component of B2PLYP.



Our analysis of the most common terms in the abstracts of the bibliographical sources also gave some emphasis on terms often associated with the study of reaction mechanisms, such as “mechanism”, “transfer”, “intermediates”, “catalytic” and “barrier”. Another interesting group of words highlighted in our frequency analysis is strongly related to the questions surrounding the different spin multiplicities accessible in Mn and Fe complexes, including terms such as “triplet” and “doublet”. Finally, a significant number of articles mentions the term “surface”. Although this is mostly done in the context of probing the Potential Energy Surface (PES), a significant number of sources also contain the terms “immobilized” (12 entries) or “anchored” (seven entries), denoting the growing interest in the theoretical study of novel materials with catalytic activities in which these complexes are immobilized into a nanostructured matrix [25,26,27].



Regarding the ligands featured in the bibliographic sources, 63% of the sources mention porphyrin ligands (74 sources), while 44 mention the salen ligand (37%). Corroles are less popular, being mentioned by only 11 sources, whereas “bisphenolate” ligands are mentioned in only 10 articles. A significant number of authors labels their ligands as being generically “non-heme”. Such a term is found in about 20% of the sources. Interestingly, 81% of the sources mentions “iron”, whereas “manganese” is found in 77% of the bibliography. This reflects the fact that a significant amount of work is done by comparing both metals or that they serve as mutual references when evaluating one’s results.



Despite the 20-year time frame allowed for the bibliographic survey, 50% of the sources are from 2010 or later. What is more, 25% of the sources date from 2014, 2015 and 2016. This reflects not only the growing interest of these reactions, but also the aforementioned development of computer technology making the first principles study of systems such as Mn(salen) and Fe(porphyrin) complexes accessible to many researchers [11].



Further insight into the sources shows that studies focusing on manganese-catalyzed epoxidations (particularly those involving Mn(salen) complexes) usually focus on the reaction mechanism. On the other hand, studies involving iron-porphyrin catalysts are usually directed towards an explanation of cytochrome P450’s reactivity, including the effect of mutations in the protein moiety. This hinders the comparison between different theoretical studies. Because of this, our review will mainly focus on the theoretical insights into the Mn(salen)-catalyzed epoxidations, which will serve as a comparative standard to the other theoretical surveys. We shall also start by highlighting the main points made by McGarrigle and Gilheany [11] before moving on to a more critical assessment of the SWOTs facing this field of study.




3. Ground State Spin Multiplicity of Mn(Salen) Species


Transition state metal complexes are well known for having low lying excited states, usually corresponding to different spin multiplicities. Thus, a common benchmark found in the surveyed studies is the determination of the ground state nature of the intervening species. Indeed, the determination of the ground state spin multiplicity of Mn(salen) and oxo-Mn(salen) complexes has attracted considerable attention and will serve as a case study for the difficulties that theoretical studies face.



Manganese(III) has a    3  d 4     configuration. It has thus been suggested that the most stable electronic configuration of Mn(III) would involve having all four d electrons unpaired, yielding a quintuplet state. However, the fact that the salen ligand assumes a slightly bent conformation [28] and the effect of axial coordination by a donor ligand may alter this outcome. A triplet (two unpaired d electrons) or a singlet (no unpaired electrons) ground state may therefore be a viable hypotheses [29,30,31]. Table 2 shows the relative gas-phase energies of the lowest-energy singlet, triplet and quintuplet states of different non-oxo Mn(III) complexes, determined using different DFT functionals and basis sets.



On the other hand, manganese(V) (usually found in oxo-Mn(salen) species) has a    3  d 2     configuration that allows one to postulate either a triplet or a singlet ground state. Again, the electronic structure of the Mn(V) atom will be influenced by the non-planarity of the salen ligand, the presence of the oxo- ligand and also the eventual presence of an axial ligand [11,23,31]. Because oxo-Mn(salen) complexes are extremely reactive, the absence of reliable experimental data has attracted the attention of many theoretical researchers. Some of their findings are summarized in Table 3, which depicts the relative gas-phase energies of the lowest-lying singlet triplet and quintuplet states of oxo-Mn complexes.



As can be seen from Table 2 and Table 3, DFT has been the preferred theoretical approach for the study of the electronic structure and reactivity of Mn and Fe catalysts, as it offers reasonable approximations to the energy involved in electron correlation at a reasonable computational cost.



Targeting Mn(salen)-catalyzed epoxidations, Abashkin et al. [23] confronted the results obtained from DFT with those obtained from Coupled Cluster (CC) theory, at the CCSD(T) (T, Tripe) level of approximation. The DFT calculations were performed using two different functionals, with a pure density functional (BP86) predicting a singlet ground state and a hybrid-GGA functional (B3LYP) predicting a quintuplet ground state. The results from CC calculations suggested a singlet ground state being preferred over states of higher spin multiplicity. However, the high cost of CC calculations forced Abashkin and co-workers to use Mn(acacen) (5) as a model for Mn(salen) (2). In this particular case, the use of truncated models may be regarded as a question of lesser importance, as both theoretical methods were applied to the same model compound. On the other hand, the chosen basis set and criterion used to limit the active space in CC calculations may have influenced their results. While DFT calculations were performed using a Split Valence (SV) basis set with some polarization, CC calculations were performed either using the same SV basis set or by applying a triple-ζ basis set for some atoms and restricting the active space of the CC procedure to only the most energetic occupied orbitals. Both procedures translate into additional truncations to the systems. Furthermore, neither the accuracy of DFT is fully explored using such a limited basis set, nor the CC method can assure reliable results with so many restrictions [36]. Moreover, the energy of the different states changes significantly when changing basis sets, indicating that the CC results are not converged with respect to the basis set [37]. More recently, CASSCF calculations on Mn(acacen) models were performed independently by Ivanic, Sears and their respective teams, arriving at different conclusions [35,38]. According to Ivanic et al. [35], oxo-Mn(salen) complexes have a triplet ground state, with the first excited singlet state lying about 10 kJ·mol−1 above it. On the other hand, the calculations performed by Sears and Sherril in 2006 [38] arrived at a singlet ground state with two nearly degenerated triplet states lying approximately 12 kJ·mol−1 above the ground state. In the same work, Sears and Sherril compared the results obtained using several density functionals to the results of their CASSCF calculations, and although they pointed out that non-hybrid functionals gave results in qualitative agreement with CASSCF, they were unable to conclude on the overall quality of DFT calculations. Both works rely on SV basis sets with minimal polarization; Ivanic further resorted to Effective Core Potentials (ECP) in order to allow more polarization to be used in the description of the manganese and chlorine atoms. This latter strategy was later used by Takatani, Sears and Sherril [39,40] in the benchmark of several density functionals against state averaged CASSCF calculations using a cationic version of 5 (without the axial ligand). According to their results, DFT (particularly using hybrid density functionals) should provide reliable results [39,40]. However, their work also relies on SV basis sets with minimal polarization. What is more, the cationic model they use had already been considered unfit to give a meaningful representation of either Mn(acacen)Cl or proper Mn(salen) complexes [41,42]. As a result, the calculations by Sears and Sherril [39] (cationic model) invert the ordering of the spin states found years earlier by the same authors, on the neutral model 5.



More recently, Ashley and Baik [43] conducted a CASPT2study on oxo-Mn species with the aim to better characterize the oxygen-manganese binding. The results from their post-HF calculations show that there is a modest di-radical character to the MnV = O bond. Surprisingly, this di-radical character is only partially related to the charge transfer between Mn and O, showing that this diradical character, although being an indicator of transfer of charge between the two atoms, is not a necessary condition. Ashley and Baik [43] further accessed the behavior of DFT functionals regarding this aspect of manganese-oxygen binding, showing that hybrid functionals like B3LYP tend to overestimate the radical character of the MnV = O bond, whereas local functionals without exact HF exchange tend to underestimate it.



Regarding the use of truncated models and smaller basis sets, Teixeira et al. [44] recently addressed this problem by testing a number of different models for the Jacobsen catalyst (6), ranging from Mn(acacen) to the full catalyst, in both native and oxo-derived species, as well as using a number of different axial ligands. Their survey took into account geometrical parameters, as well as the charge and distribution of all species under study and used a Principal Component Analysis (PCA) to obtain some insight on the relative importance of each approximation on the overall description of these species. The results show that the choice of basis set has a huge impact on the resulting geometries and charge distribution, with Aldrich’s def2-SVP (an SV basis set with polarization) behaving very differently from triple-ζ basis sets. Indeed, the impact of the basis set used in their DFT calculations surpassed that of opting for Mn(acacen) instead of a proper Mn(salen) complex as a model for the full Jacobsen catalyst. The use of truncated models and smaller basis sets is also reflected in the results collected in Table 2 and Table 3, where the ordering of the singlet, triplet and quintuplet states in Mn(acacen) and oxo-Mn(acacen) follows a different pattern to that of Mn(salen) and its oxo-derivative.




4. Insights on the Reaction Mechanism


As stated by McGarrigle and Gilheany [11], one of the major advantages of theoretical studies is the ability to gain further insight into the reaction mechanism. This is most effective when more than one mechanism is proposed and surveyed, allowing researchers to choose the one that better explains the experimental evidence.



Experimental evidence gathered from studying Cr(salen) catalyzed epoxidations, and also the reactivity of cytochrome P450 [11] suggests that the catalytic cycle for most Mn and Fe catalysts is an oxygen-rebound one. As exemplified in Figure 3 for Mn(salen)-type catalysts, this type of mechanism develops in two steps: the first being the oxidation of the catalyst using a terminal oxidant (such as H2O2, TBHP or OCl−) and the second being the oxygen-transfer step to the olefinic substrate [45]. It is generally believed that oxo-manganese or oxo-iron species are responsible for the epoxidation of the substrate, as similar species have been observed and characterized in chromium-salen-catalyzed epoxidations [11,46]. They are also proposed as intermediaries resulting from the dismutation of H2O2 in cytochrome P450 [47].



Abashkin and Burt conducted a DFT survey on the catalase-mimicking activity of Mn(salen)Cl [32], showing a viable route for the formation of oxo-Mn(salen)Cl from Mn(salen)Cl and H2O2. This is a concerted process, with the breaking of the O−O peroxide bond, the oxidation of Mn and release of a water molecule occurring in a single step on the triplet state PES. In their turn, Cavallo and Jacobsen showed that oxo-Mn(acacen)Cl may be formed by a simple oxygen-transfer step between hypochlorite and Mn(acacen)Cl in aqueous solution [48]. More recently, Adhikary and co-workers [49] proposed the formation of an oxo-Fe(salen) species from iodosylbenzene (PhIO) and Fe(salen), which would be the active species in the iron-catalyzed epoxidation of stilbene. Similar intermediate species were also proposed by other authors [13,33,50,51,52,53,54], indicating a strong consensus around the nature of the active catalyst of the epoxidation process.



Despite this, a limited number of sources has explored other routes, such as the formation of an hydroperoxo-Fe(porphyrin) complexes in P45models [55,56,57,58,59], in non-porphyrinic Fe catalysts [60,61,62,63] and also on Mn catalysts [64,65,66,67]. Nevertheless, the activity of such hydroperoxo species towards epoxidation reactions has been questioned by Shaik and co-workers [68], at least in models of cytochrome P450.



Because of this, most studies concerning the oxygen-transfer step of these epoxidations assume an active metal-oxo intermediate. As shown in Figure 4, a number of possible reaction paths are possible [45]. These include the formation of a metallaoxethane intermediate (Figure 4a), a concerted mechanism (Figure 4b), the formation of a five-membered ring structure including a nitrogen or oxygen atom of a spectator ligand, such as salen, or porphyrin (Figure 4c,d, respectively), or the formation of a carbon radical intermediate (Figure 4e) [34]. Each of these mechanisms allows the explanation of at least some of the experimental data available for these reactions, in particular the high enantioselectivity of Mn(salen)- and Fe(porphyrin)-catalyzed epoxidation of cis-olefins [23,50,69,70].



The stereoselectivity of these epoxidations provides further insights into the oxygen transfer mechanism. As can be inferred from Figure 4, Reaction Paths (a), (b), (c) and (d) should, in principle, lead exclusively to the epoxide that reflects the E/Zarrangement of the parent alkene (syn addition of the oxygen atom), whereas the product of an antiaddition is better accounted for by postulating the existence of a radical intermediate. The nature of the alkene substrate appears to have a strong influence on the outcome of Mn(salen)-catalyzed epoxidations: alkyl-substituted cis-alkenes usually attain high yields and stereoselectivities, leading to the hypothesis that such epoxidations may take place via a concerted mechanism (Figure 4b) [9,10]. On the other hand, the epoxidation of conjugated Z-alkenes produces mixtures of cis- and trans-epoxides, with the cis/trans ratio of the resulting epoxides depending on the nature of the substrate. Proponents of the metallaoxethane intermediate had argued that this decrease in stereoselectivity could emerge from the energy difference between two competing intermediates of that kind [71]. On the other hand, Jacobsen and co-workers proposed a carbon radical intermediate as a plausible intermediate in the epoxidation process (Figure 4e), yielding a simpler reaction model for this class of reactions [11].



Despite explaining the lack of stereospecificity in the epoxidation of conjugated Z-alkenes, the carbon radical pathway has met some criticism. In the late 1990s, Linde et al. [72] used Mn(salen) complexes as catalysts in the epoxidation of phenyl-substituted vinylcyclopropanes, which serve as “radical clocks”. These experiments allowed the rejection of a possible carbon radical, because no epimerization or cleavage of the cyclopropane was observed. However, further kinetic studies made by the same authors allowed them to reconsider the possible formation of radical intermediates. According to Linde et al. [72], the product of a syn addition is justified by a concerted, although possibly asynchronous, reaction mechanism. On the other hand, a radical intermediate may be the cause for the incomplete stereoselectivity of these catalysts.



Kürti et al. [73] rationalized the experimental data available at the time in order to propose an alternative model for this type of epoxidation reaction, mostly based on steric considerations. According to Kürti, electrostatic, van der Waals and    π – π    interactions govern the stereoselectivity of Mn(salen) catalysts. Furthermore, the oxygen-transfer step from the active oxo-Mn(salen) intermediate to the alkene could occur either in a concerted manner or via a carbocation intermediate, similar to the radical intermediate depicted in Figure 4e. These two possibilities would be extreme idealized cases, and the stereospecificity for a particular substrate would be dictated by how close to either of these two extremes the actual reaction would occur.



One of the earliest theoretical studies on Mn(salen)-catalyzed epoxidations was conducted by Linde et al. in 1999 [74]. This work was performed using a cationic variant of the Mn(acacen) model (cf. Figure 2). Their findings allowed them to associate the reaction in the quintuplet surface to that of a concerted mechanism (Path (b) in Figure 4). In the triplet surface, however, the reaction mechanism would follow a radical intermediate (Path (e) in Figure 4). The authors then concluded that the reaction would begin by alkene attack on the triplet surface, followed by spin crossing to the quintuplet state. The stereospecificity of the reaction would be dictated by the amount of time the system was allowed to stay in the triplet state, due to the radical character of the first transition state in the triplet surface and the fact that formation of the epoxide is concerted and almost spontaneous in the quintuplet surface.



The work by Linde and co-workers was later criticized by Cavallo and Jacobsen and also by Abashkin and co-workers. Cavallo and Jacobsen [75] were able to devise a mechanism in which the oxygen transfer step occurs in the triplet surface, without the need for a spin-crossing path. The imperfect stereoselectivity is thus justified by the formation of a carbon radical species. In this carbon radical, the groups bonded to one of the carbons participating in the olefinic bond would be free to rotate, and the more stable the carbon radical would be, the less stereospecificity would be observed.



In their turn, Abashkin et al. [23] argued that the controversial spin crossing mechanism, as well as the ordering of the spin states obtained by Linde and co-workers were the result of using the cationic Mn(acacen) model, instead of the electronically neutral Mn(acacen)Cl. In an early stage, Abashkin and co-workers [23] favored the competing reaction channels scheme (originally proposed by Linde and co-workers, in their kinetic studies [72]) as an explanatory model for the stereoselectivity of Mn(salen)-catalyzed epoxidations. Their position was later revised after performing DFT calculations on a full Mn(salen) complex (cf. Formula 2 in Figure 1). In this latter work, the authors revisit the spin crossing mechanism, stating that the oxygen transfer step would start at the singlet ground state of the oxo-Mn(salen) complex leading to a concerted mechanism (Path (b) in Figure 4). However, because the activation energy in the singlet surface is too high, a spin crossing to the triplet surface was plausible. In the triplet surface, the oxygen transfer step occurs via a radical intermediate. Thus, the stereoselectivity of the reaction would depend on the likelihood of this spin crossing process, which in turn would be affected by the nature of the substrate and changes in the catalyst [69].



Cavallo and Jacobsen [17,41,42,48,75,76,77] have consistently championed the idea of a radical intermediate in the oxygen-transfer step of Mn(salen) epoxidations (Path (e) in Figure 4). Cavallo and Jacobsen explored three basic mechanisms depicted as Paths (a), (b) and (e) in Figure 4 using different density functionals and concluded that pure functionals, especially BP86, were best suited for the development of reaction models that conformed with the experimental observations. On the other hand, the popular hybrid density functional B3LYP tends to stabilize the states with higher multiplicity. This deviation was partially corrected, obtaining a better qualitative agreement with the pure density functionals, by using the modified functional B3LYP* [78] that uses a smaller weight of the Hartree–Fock exchange.



A radical intermediate has also been prescribed by Rich et al. [79] as the likely intermediate in the epoxidation of styrene catalyzed by a number of manganese(IV) complexes with spiroamine ligands, according to their DFT calculations (BP86) with implicit solvent corrections under the Polarizable Continuum Medium (PCM) framework.



More recently, Manrique et al. [80] also proposed the existence of a radical intermediate to justify the incomplete stereoselectivity for the epoxidation of cis-β-methyl styrene by pyrazole-manganese(II) and pyrazole-manganese(III) catalysts. One peculiarity in this study is the fact that it uses a mixed level of theory: the relatively expensive geometry optimizations (including the search for transition state structures) and evaluation of the nuclear Hessian were done using a local density functional (M06L) in conjunction with a relatively small basis set (Aldrich’s split-valence, with a more sophisticated relativistic SDDbasis set on Mn). These calculations provided the geometry and also the enthalpic and entropic corrections needed for calculating absolute Gibbs energies. However, the electronic component of the Gibbs energy was refined using single-point calculations performed with a functional that includes exact exchange (M06), a more flexible basis set (TZVP) and also the inclusion of solvent effects using PCM [80].



Using a combined QM/MM technique, Cavallo and Jacobsen not only stated the adequacy of Mn(acacen) complexes as surrogates of Mn(salen), but were also able to probe the different paths of approximation between oxo-Mn(salen) complexes and their substrate. They concluded on the importance of the bulky substituents on the diimine bridge and the 3,3’ positions of the salen ligand, while stating the very limited steric effect of large substituents at the 5,5′ positions, in accordance with the experimental observations by Jacobsen, Katsuky and their respective co-workers [81]. According to the model proposed by Cavallo and Jacobsen [17,75,76,81], the stereospecificity observed in this reaction derives from the relative stability of the radical intermediate: an unstable radical intermediate would promptly collapse in order to form the epoxide, whereas more stable intermediates would allow rotation of the substituents in one of the olefinic carbon atoms before the formation of the second C−O bond. Spin crossing situations, as well as the possible existence of a metallaoxethane intermediate are discarded based on energetic grounds [17,76,77,81]. The crowning achievement of Cavallo and Jacobsen was the proposal of a model for the catalyzed ethylene epoxidation, arriving at the complete catalytic cycle depicted in Figure 5. This model for the Mn(salen) catalyzed epoxidation of ethene develops exclusively on the triplet surface [48]. However, the approach taken by Cavallo and Jacobsen to model Mn(salen) catalyzed epoxidations did not prove satisfactory for explaining the effect of axial coordination to the manganese atom over the development of the reaction course [77].



Both the teams of Abashkin and Cavallo followed the ideas of Kochi and Jacobsen, using a planar model for Mn(salen). On the other hand Khavrutskii et al. [82] pursued the hypothesis of a non-planar, highly bent, conformation of the salen moiety in oxo-Mn(salen) complexes previously proposed by Katsuki in the 1990s [9]. Khavrutskii et al. [82] studied the epoxidation of ethylene using a proper Mn(salen) model (cf. Model 2, in Figure 1) and a peroxy acid (CH3COOOH) as the terminal oxidant. Their work is singular, as it considers the oxygen transfer step from either cis-oxo-Mn(salen) or trans-oxo-Mn(salen), depicted in Figure 6. Moreover, in this work, the energies of the molecular geometries at each stationary point (product, reactant or transition state) were refined using a basis set of triple-ζ and the B3LYP functional. Their results suggest that, starting from cis-oxo-Mn(salen), the oxygen transfer step may occur solely on the triplet surface, via a radical intermediate. Indeed, a similar radical intermediate was identified also in the quintuplet surface, but at higher energy. The same is also the general case for the reaction path starting from trans-oxo-Mn(salen). Despite this, in the particular case of imidazole-coordinated complexes, a concerted mechanism was observed in the quintuplet surface. In addition to this, the authors confirmed the cis form of oxo-Mn(salen) complexes as being more stable than their transisomers [82].



The behavior of immobilized Mn(salen) complexes was probed by Malek et al. [83,84] in two different studies. In the first study, Molecular Dynamics (MD) simulations were performed in which the movement of all atoms was treated using classical mechanics. Because bond-forming and bond-breaking situations cannot be accounted for in classical mechanics, the study focused on the minima found in the triplet surface by Cavallo and Jacobsen [48,76]. As MD is much less demanding than DFT and other first principles calculations (in terms of computational effort), the authors were able to explore the conformational space of these minima for the epoxidation of Z-β-methylstyrene and E-β-methylstyrene catalyzed by the Jacobsen catalyst. Moreover, the catalyst was immobilized in a nanopore of silica MCM-41 using a phenoxyl group as a linker. Both outcomes of the epoxidation reaction (preservation or inversion of the arrangement of the methyl and phenyl groups of the alkene) were considered, and the chirality content at each of the different minima was evaluated using the continuous chirality measurements devised by Avnir [85]. Their main finding was that immobilization improved the chiral recognition of the catalyst and that the use of an E-alkene imparts greater asymmetric induction onto the immobilized catalyst [83].



A second study by Malek et al. [84] focused on the mechanism of the oxygen-transfer reaction using hybrid QM/MM calculations, in which part of the system was treated using DFT with an SV basis (except Mn, which was treated using a triple-ζ basis). In order to accommodate the linker and the substrate in the DFT part of the system, an extreme truncation of the salen ligand was made, with only the nitrogen, oxygen and the two carbon atoms in the diimine bridge being treated under DFT. The remainder of the system (i.e., most of the Jacobsen catalyst, the linker and the silica MCM-41 pore) were treated classically, using Molecular Mechanics (MM). Despite the extreme approximations made, their results clearly suggest that the silica pore has an important effect in the orientation of the substrate towards the catalysts. What is more, the linker ligand bears a strong effect on the geometry of the active oxo-Mn(salen) complex, forcing the metal center to lay in the plane of the salen moiety and lengthening the bond between manganese and its oxo- ligand.



More recently, Oxford et al. [86,87] studied the conformation and reactivity of Mn(salen) complexes in Metal-Organic Frameworks (MOFs) using hybrid QM/MM. These calculations were done in a similar manner to those of Malek et al. [83,84], using the BP86 functional and a polarizable SV basis set on the QM part of the system (similarly to Malek et al., the Mn atom was treated using a triple-ζ basis). Initially, Oxford et al. investigated two partition schemes for defining the QM region: in one of those schemes, only the atoms belonging to the Mn(acacen) model (cf. Figure 2) were treated in the QM region, while in the other scheme, all of the salen moiety was included in the QM region. In both cases, the MOF was treated using classical MM. Regarding the electronic and steric effect of the substituents at the 5,5′ positions of the salen ligand, the authors concluded that a correct description for the effect of these substituent required placing the conjugated π system of the salen moiety in the QM region. More importantly, they achieved an interesting correlation between the Muliken charge on Mn and    Δ E    for the oxidation process [86], which would allow for a rapid virtual screening of several ligands with different substitution patterns at their 5,5′ positions. Oxford et al. [87] further went on studying the epoxidation of 2,2-dimethyl-2H-chromene using Mn(salen) immobilized in an MOF framework using the same QM/MM approach, but only treating the atoms in the Mn(acacen) model (as well as those from the substrate moiety) using QM. The calculated effect of immobilization of Mn(salen) in MOFs is much more pronounced than that determined by Malek et al. for MCM-41 immobilized catalysts [84,87]. Oxford et al. further determined that, while the chirality content of the catalyst plays a major role determining its stereoselectivity, these two variables are not strongly correlated in the case of the MOF-immobilized catalysts, showing that the supporting media play an important role determining the selectivity of the hybrid catalysts, either by imposing conformational hindrances to the Mn(salen) moiety or by limiting the availability of paths for the substrate to approach the active catalyst [87].




5. Comparison with Experimental Data


The greatest test for a theoretical model is to provide insights that explain and allow one to predict the results from experiments. Fortunately, corroboration between experimentalists and theoretical chemists has become common in later years, and a significant number of sources attempts to compare the results from theoretical calculations with data obtained empirically. Moreover, whenever possible, theoretical chemists compare their results to previously published experimental data.



Iron-porphyrin-mediated epoxidations has attracted a number of important theoretical studies, with different approaches being used to mimic the environment of these iron complexes within cytochrome P450. A good benchmark for the validity of the theoretical approximations is to compare the predicted equilibrium geometries with those found by X-ray crystallographic studies of P450 and similar systems. As reported by Quiñonero et al. [62], B3LYP/LANL2DZ and B3LYP/6-311+G(d) Fe−N distances in their iron-porphyrin complex models are in good agreement with those observed in P450. What is more, both levels of theory correctly predicted a quintuplet ground state for the tested complexes, which is also in agreement with experimental evidence. More recently, some studies reported similarly good agreement between experimentally-derived and theoretically-predicted equilibrium geometries for a number of iron-porphyrin complexes with different ligand compositions using B3LYP and PBE0 calculations. Similar results have been also reported by Sainna et al. [60,88,89].



Kaczmarzyk et al. [90] used the OLYPfunctional with a triple-ζ polarized basis set to elucidate the Mössbauer spectra of (TPP)FeCl (in which TPP represents tetra-phenyl-porphyrin) and its fluoridated derivatives, showing very good agreement between DFT predictions and experimental data.



Another important source of validation for theoretical works is their ability to propose reactivity models that are in accordance with the experimental evidence. In this regard, de Visser et al. [91] reported that B3LYP can accurately predict energy barriers for the hydroxylation of anthracene catalyzed by non-heme iron(IV)–oxo oxidant, with an error of approximately 12 kJ·mol−1.



Kamachi et al. [57] further analyzed the epoxidation of ethylene catalyzed by an iron-porphyrin complex as a surrogate model for cytochrome P450. Their proposed model used an iron-hydroperoxide active species instead of the more common oxo- intermediates. The thermodynamic balances and energy barriers predicted by their calculations are in good agreement with the available experimental data, despite their use of B3LYP with a very modest basis set: compact effective potentials for Fe, a 1-2-1 triple-ζ basis set for S, 6-31G for nitrogen and oxygen atoms other atoms close to Fe and STO-3Gfor all other atoms [57].



Sometimes, theoretical findings are able to propose and explore novel reaction paths and intermediates not readily perceived in experimental studies. Such is the case of proposing an oxo-iron-porphyrin intermediate as the active species of cytochrome P450, which DFT and valence bond methods applied by Shaik and co-workers [68,92,93,94] demonstrated to be more active towards the epoxidation of olefins than the previously proposed iron-hydroperoxide intermediates. This further yielded novel models that better describe the product distribution of iron-porphyrin catalyzed epoxidations. Interestingly, Shaik and co-workers further proposed that the preference for C=C epoxidation shown by P450 CpdI in theoretical studies results from not accounting for the polarizing environment found in P450. Thus, a more refined model, including polarization effects, was developed, which accounted for the available experimental observations [95,96].



Regarding manganese-catalyzed epoxidations and their associated issues, Drzewiecka-Matuszek et al. [97] reported that Mn(III)porphyrin complexes have a high-spin ground state (quintuplet) using DFT calculations at the BP86/def-TZVP level of theory. Their results were in good agreement with the available experimental data. Eshtiagh-Hosseini et al. [51] used B3LYP/6-311+G(d,p) to predict the IR,     1   H-NMR and     13   C-NMR spectra of 3,3′-dihydroxy-4,4′-[1,2-cyclohexanediyl-bis(nitrilomethylidyne)]-bis-phenol and its Mn(II) complex. Despite some deviations (within the expected error of this type of calculation [98]), the results from the DFT calculations were in good agreement with the experimental results, allowing the identification of the manganese complex and also the assignment of the peaks in the IR spectrum.



Rich et al. [79] also compared the structures predicted by DFT for their synthesized aminosprio-manganese(IV) complexes and against the results from X-ray spectroscopy. Despite the use of a pure functional (BP86) with a relatively small basis set of SV quality, the theoretically-predicted structures were in excellent agreement with their experimental measurements, with a root mean square deviation of 0.021    A ˚    on bond lengths and 0.7    ∘    on bond angles.



In their study of permanganyl chloride-mediated epoxidations, Wistuba and Limberg [99] used DFT to help elucidate the nature of intermediate species found when monitoring the reaction using Infrared (IR) spectroscopy. The predicted frequencies were matched to unknown signals in the experimental IR, with remarkable accuracy. Their DFT calculation, at the B3LYP/6-311G(d) level of theory, further allowed the proposal of a complete mechanism for this type of Mn-catalyzed epoxidation.



Despite the limitations mentioned earlier in this work, the gathered knowledge shows that DFT methods are capable of providing remarkably good approximations for other properties of transition metal complexes, such as the prediction of spectroscopic properties. They also allow interesting insights into the catalytic cycle, yielding models that are in good accordance with the available experimental data. What is more, some of the most interesting accounts of good accordance between experimental data and theoretical predictions involve the use of rather limited basis sets, in an apparent contradiction to some of the previous studies [35,44]. However, a quantitative comparison between experimental data and theoretical predictions has eluded our bibliographical survey, apart from the comparisons encompassing spectroscopic data [51,90,99] and geometries [60,62,88,89].




6. Other Epoxidation Catalysts: A Brief Overview


The biological importance of cytochrome P450, as well as its role in the development of novel epoxidation catalysts justify the large number of theoretical and experimental studies devoted to iron-porphyrin systems. This predominance is shared with manganese-salen complexes, mainly due to the success of the Jacobsen–Katsuki epoxidation process. Still, the theoretical study of transition-metal catalyzed epoxidations goes far beyond the two major examples highlighted in this review [100,101]. A brief overview of the state of the art in the theoretical study of other transition metal-catalyzed epoxidations is thus provided here for completeness. The interested reader may find this section as a starting point to a more in-depth search of each of these systems.



Chromium complexes, particularly chromium-salen, are known catalysts in epoxidation reactions, and their experimental study precedes that of their manganese counterparts [11]. Chromium-mediated epoxidations usually involve the formation oxo-chromium intermediates, which are stable enough to be isolated and studied. This facilitates comparing experimental data with theoretical predictions, as exemplified in Brandt et al. [102], where a coupled experimental and theoretical study of chromium-salen-mediated epoxidations allowed the successful characterization of the oxo-intermediate. Based on their DFT calculations, Brandt et al. [102] proposed that the oxygen transfer would occur via a radical intermediate, similarly to the reaction path described in Figure 4e. What is more, a spin-crossing situation was proposed, which would justify the relatively slow pace of chromium-catalyzed epoxidations. Similar results were later achieved by Venkataramanan et al. [103]. Despite this, the theoretical study of chromium-catalyzed epoxidations is substantially less explored than that of manganese or iron-catalyzed ones.



On the other hand, titanium, vanadium and molybdenum play an important role as catalysts in the Sharpless epoxidation process. Contrary to what is generally accepted for the Jacobsen–Katsuki epoxidation, the active epoxidizing agents in the Sharpless process are peroxo, hydro-peroxo or alkyl-peroxo-complexes [104]. Titanium and vanadium appear to bear similar chemical behavior, and both have attracted considerable attention in the last decade [105,106,107,108,109,110]. In general, the coordination sphere in both cases can be quite labile (especially in the case of vanadyl(IV) acetylacetonate, VO(acac)2) [104], which requires additional study of the effect of the different species available during the epoxidation process. In the case of vanadium, this was first systematically studied by Vandichel et al. [104], whereas the case of titanium was tackled earlier by Sever and Root [111]. Some theoretical studies on titanium-catalyzed epoxidations also focused on this metal’s ability to efficiently catalyze the epoxidation of olefins when immobilized into a heterogeneous matrix, such as silicates [112] or polyoxometalates [113,114]. These theoretical studies follow the same trend observed in the case of manganese- and iron-catalyzed epoxidations, with a predominance of DFT, with B3LYP as the preferred density function. In this regard, Vandichel’s work stands out due to the inclusion of Grimme’s semi-empirical corrections for long-distance interactions [104].



Molybdenum, although similar to vanadium in many regards, bears some reactivity peculiarities that have been the focus of some theoretical studies. Perhaps the most distinctive feature of molybdenum is its ability to coordinate to the olefinic substrate [107,115]. While transition metals from the first row are often studied using a basis set that conveys information about all of their atomic orbitals, the large number of electrons and atomic orbitals present in the second and third row metals dictates the use of effective core potentials to model the kernel region. What is more, molybdenum is capable of forming complexes with multiple hydroperoxo and/or alkyl-peroxo ligands, increasing the number of available reactions paths to explore [116,117]. Recently, Morlot et al. [118] studied the activation of molybdenum catalysts by TBHP using both experimental and DFT methods. They concluded that the activation of TBHP is mostly due to a small interaction between Mo and one of the oxygen atoms of TBHP and also the formation of a hydrogen bond between TBHP’s hydrogen atom (in the hydroperoxide moiety) and one of the ligands in the coordination sphere of Mo [118].



A large number of theoretical works has been devoted to ruthenium-catalyzed epoxidations. Being in the second row of the transition metal series, and being located bellow iron, ruthenium systems often share some similarities to their iron counterparts, having attained the attention of several researchers [119,120]. Unlike iron, di-nuclear ruthenium complexes are common and have been extensively studied using DFT methods [121,122].



Cobalt systems are not usually regarded as epoxidizing catalysts, but they do serve an important purpose as catalytic agents in epoxide ring-opening processes [3]. Cobalt-salen complexes with stereogenic centers are often used in the hydrolytic kinetic resolution of terminal epoxides, and their reactivity has been the subject of some theoretical studies [123].



Other interesting catalytic systems that have attained the attention of some theoretical studies include the catalytic behavior of immobilized NiO nanoparticles [124]; the epoxidation of propylene on the surface of CuO, which has been studied by Düzenli et al. [125] using plane-wave DFT; the use of palladium(II) complexes in the epoxidation of olefins [126,127]; and also the epoxidation of ethylene using a bi-metallic palladium-silver catalyst [128].



Rare-earth catalyzed epoxidations (the Shibasaki process) have attained some attention in recent years [129], but to the best of our efforts no theoretical studies on this subject have been published at the time of writing. On the other hand, hafnium-catalyzed epoxidations using molecular oxygen as the terminal oxidant have been recently studied by Yang and Manz [130] using DFT calculations. Tungsten and niobium systems have also attracted some attention in recent years [131]; however, their theoretical study has been limited.




7. Perspectives for Future Developments: SWOT Analysis


In this review, we highlighted some of the most interesting advances provided by theoretical studies in Mn- and Fe-catalyzed epoxidations Particular emphasis was put on Mn(salen) and Fe(porphyrin) catalysts, as they are the most commonly-found systems, providing a sufficiently large number of studies to detect trends and their evolution over time. As some interesting trends were noticed, the most prominent of which are summarized in the form of a strengths, weaknesses, opportunities and threats framework (SWOT analysis in enterprise terminology). In order to minimize the subjective nature of a SWOT analysis, we define, within the context of this review, strengths as issues or problems for which there is a positive consensus on the quality of the theoretical results or for which there is a strong agreement between theoretical predictions and experimental evidence, allowing the use of theoretical methods to make predictive surveys for further enhancing the design of these catalysts. Weaknesses are defined as aspects in which a clear consensus on the quality of the theoretical results is lacking or in which unsolved fundamental issues have been identified. On the other hand, opportunities are identified as emergent technologies and/or areas of research that may provide new insights on the subject at hand. In their turn, threats are usually defined as external factors that may be barriers to the achievement of the goals. Apart from societal and/or political aspects (which are beyond the scope of this review), we identify threats as areas or matters that have the potential to stall or discredit novel theoretical studies. The evaluation of these four aspects is done in the hope of providing guidelines upon which new lines of research may emerge.



7.1. Strengths


Perhaps the most surprising outcome of this survey is the relatively high accordance between experimental data and the predictions provided by theoretical models. This is particularly noticeable in the case of spectroscopic data [51,90,99] and equilibrium geometries [60,62,79,88,89]. What is more, the level of theory used in such models is sometimes bellow par (usually DFT calculations with B3LYP and a relatively small basis set). Nevertheless, the quality of the predictions is proof of the ability of theoretical models to accurately predict physical properties of the Mn and Fe complexes involved in epoxidation reactions. Thus, the use of theoretical models in the identification of intermediate species and products appears to be well validated.



The validation of theoretically-predicted reaction mechanisms is strongly hindered by the lack of quantifiable evidence. Despite this, the models published in the last 20 years gravitate around a common model for both Mn- and Fe-catalyzed epoxidations; namely, the use of oxo-Mn and oxo-Fe species as the active forms of the catalyst [23,32,68,69,92,93,94,132], the avoidance of a spin-crossing mechanism [42,48,76] and the possible role of a radical intermediate as a putative explanation for the incomplete stereoselectivity of these reactions [76,82]. It should be noted that many of these insights on the reaction mechanism are subtle enough to elude most of the standard kinetic studies. Despite these successes, the challenge to apply this knowledge to the ab initio design of novel catalysts remains unchecked.




7.2. Weaknesses


Despite what was suggested by our initial statistical meta-analysis, most studies rely only on B3LYP calculations. This is partly compensated by some studies that benchmark their findings across a large number of density functionals [17,31,34,133] (and eventually, other theoretical methods [23,34,35,134]). Moreover, most works accessing the performance of B3LYP acknowledge its limitations when applied to transition metal chemistry. On the other hand, the great majority of works comparing between experiment and theoretical predictions use B3LYP. One possible explanation may come from the work by Teixeira et al. [31], where, despite changes in the energy ordering of the different spin states of Mn(salen) complexes, the effective atomic charges provided by a natural population analysis of these complexes vary very little with respect to the level of theory used in the energy calculation. These results are further corroborated by a topological analysis of the electron density using Bader’s Quantum Theory of Atoms In Molecules (QTAIM) [31]. Since the distribution of the electron density governs a great number of physical properties, it is likely that the limitations of B3LYP may be negligible in many cases.



A more serious limitation of the early theoretical studies is the use of truncation as a mean to keep DFT calculations within a reasonable computational cost, given the state of computer technology at the time. These truncations may be in the form of using smaller model transition metal complexes or by using small basis sets, which cannot fully exploit the accuracy of the theoretical framework applied. The consequences of such simplifications have been explored recently [44,135] and should grant the need to re-address the calculations made by previous works. In this regard, it is worth mentioning that a clear trend in newer works is replacing the use of smaller, less flexible basis sets with larger basis sets, usually triple-ζ quality ones, with polarization on all atoms.



Despite this, an interesting strategy to achieve a compromise between accuracy and the economy of computational effort is exemplified in the work of Manrique et al. [80], where the most computationally-demanding tasks (geometry optimization and evaluation of the vibrational spectra) are done at a lower level of theory, providing the thermal and zero-point energy components of the absolute enthalpies and Gibbs energies. In their turn, the electronic energy is calculated at a higher (more expensive) level of theory at a fixed geometry, with the eventual inclusion of solvent effects using the PCM framework. This strategy is well established, and can be traced back to Pople’s Gnmethods [136]. It should give accurate thermodynamic balances and activation barriers, provided that the inclusion of solvent effects and/or the change in the level of theory does not affect significantly the local shape of the PES (which could carry important changes in the equilibrium geometry and energetic corrections).




7.3. Opportunities


Historically, one of the major limitations facing the theoretical study of Mn and Fe catalyzed epoxidations has been the size of the transition metal complexes involved in such reactions. This has prevented the use of highly accurate ab initio methods to study the structure of the intervening species. It has hindered the use of DFT as the engine for studying more interesting details of these reactions, such as the effect of the protein moiety in cytochrome P450 and also the effect of confinement in immobilized catalysts. Moreover, this has brought forward a number of truncation schemes, such as the use of Mn(acacen) as a model for the Jacobsen catalyst or the use of very small basis sets in DFT calculations.



The idea of re-purposing Graphic Processing Units (GPU) for general-purpose computations has been championed by Martínez and co-workers [137]. The initial success of Martínez’s attempts brought forward a happy confluence of interests between industry and academia, with most high-end consumer-grade graphics cards being able to run general-purpose calculations using either NVidia’s proprietary CUDA platform or the Open Computing Language (OpenCL) platform. Due to the floating point precision of the GPU architecture, their use was first restricted to classical molecular mechanics simulations. Nevertheless, in recent years, the availability of high-accuracy floating point operations in high-end consumer-grade GPUs (as well as newer, computational-specific GPUs) prompted the development of new codes, enabling the computation of DFT energies and nuclear gradients [138]. More recently, ab initio post-Hartree–Fock methods have become available on GPU platforms, making MP2calculations available to systems with over 150 atoms [139] and Full Configuration Interaction (FCI) calculations available to nano-sized silica particles (with up to 72 Si atoms), albeit using a modest 6-31G(d,p) basis set [140]. These new technologies open a new array of opportunities for exploring Mn and Fe catalyzed epoxidations, which remains unexplored.



While GPU-accelerated calculations rely on the paradigm of increasing the power of the machinery to forward the study of larger systems, another approach already taken by a number of theoreticians has been the implementation of efficient linear-scaling algorithms. One such method is the so-called Resolution of Identity (RI) method in which charge distributions arising from products of basis functions are approximated by a linear combination of auxiliary basis functions. This strategy effectively saves computational effort when calculating the Coulombic repulsion term in pure DFT functionals [141]. Hybrid DFT methods can also use a variant of the RI algorithm to achieve near-linear scaling in the calculation of the exact Hartree–Fock exchange term, in which the exchange integral is computed from fitting an analytical expression for the electron density instead of the usual numerical integration scheme [142]. Such methods have the advantage of being easily implemented into existing quantum chemistry software codes. Moreover, no specific hardware is required to take advantage of these methods. Drzewiecka-Matuszek et al. [97] used the RI approximation in their study of the reaction between Mn(porphyrin) and H2O2, allowing the formulation of a reactivity model, which is in line with the available experimental data. More recently, Teixeira et al. [31,44,135] used these linear-scaling strategies in their study of the charge and spin distributions in Mn(salen) and related complexes (including their oxo-derivatives). Here, the results obtained by these authors are in good accordance with those obtained previously without the use of such approximations [17,31,37,82].



In summary, linear scaling methods have the potential to dramatically lower the computational cost of calculations and allow larger systems to be studied at a decent level of theory. Furthermore, the errors introduced by these strategies appear to be negligible. Thus, it is likely that linear-scaling methods (perhaps even in conjunction with the use of GPUs) will become standard in the near future.




7.4. Threats


As computer technology evolves, more complex machinery becomes available. As stated above, this presents the opportunity to perform calculations on larger systems. The increasing complexity of the machines required to perform computations in large systems (specially ab initio calculations) uncovers a new type of problem to which the theoretical chemistry community afforded to be oblivious to until recently. These come in the form of Silent Data Corruption (SDC) issues, which can potentially cause erroneous results or software failures. Such errors are often related to erroneous bit-flip operations in the computing environment and may occur in any hardware platform, although with an extremely low probability. This is unlikely, as an SDC-causing error may be for one processing unit; complex computers with multiple processing units (either CPU or GPU) multiply that probability to an extent where it might become a serious threat to the scientific value of the theoretical and computational work. Fortunately, this issue has been addressed recently in a recent work by van Dam et al. [143] where a first approach for the detection and correction of SDC errors was first explained and tested on a number of computational tasks common to most ab initio calculations, particularly HF calculations. Their findings show that in a significant number of cases, an SDC error was capable of causing the HF calculations to fail (aborting the calculation). When an SDC error was not sufficient to cause the calculation to abort, the iterative nature of the HF method allowed for the affected calculation to “heal” itself from the error. With the expected increase in computer complexity, it is vital that this type of study be expanded to other first-principles calculations. At the same time, it is important that such questions are taken into consideration in the planning, execution and analysis of large calculations.





8. Conclusions


The outlook for the theoretical modeling of manganese and iron-catalyzed epoxidations appears to be promising. Despite some limitations of the early works, the knowledge already gathered grants some confidence on the inner workings of the catalytic cycle of the most common epoxidizing catalysts. At the same time, the development of new computer technology and software algorithms opens the possibility of studying these reactions using models that better mimic the chemical environments found in experimental conditions.



After analysis of the available data, it is likely that the theoretical study of these catalysts will be more integrated with the experimental study of olefin epoxidations, either as support calculations to elucidate spectroscopic and X-ray data or as a means to test different hypotheses concerning the catalytic cycle of a particular catalyst.



Despite this, a number of theoretical challenges remains, such as the benchmark of DFT calculations against post-HF methods in large catalysts, the assessment of the effect of truncation in the reaction mechanism of Mn(salen) catalysts and also the development of predictive tools that will allow the ab initio design and fine-tuning of novel catalysts.
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Figure 1. General structures of metalloporphyrin (1), metallosalen (2), metallocorrole (3) and metallo-bis-amino-phenolate (4) complexes, in which M = Mn, Fe. Positions and/or groups marked with an asterisk (*) are usually responsible for providing chirality to the complex, via the introduction of chiral substituents. 






Figure 1. General structures of metalloporphyrin (1), metallosalen (2), metallocorrole (3) and metallo-bis-amino-phenolate (4) complexes, in which M = Mn, Fe. Positions and/or groups marked with an asterisk (*) are usually responsible for providing chirality to the complex, via the introduction of chiral substituents.



[image: Catalysts 07 00002 g001]







[image: Catalysts 07 00002 g002 550] 





Figure 2. General formulae of Mn(acacen) (5); and the Jacobsen catalyst (6). 
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Figure 3. Oxygen-rebound mechanism for the Mn(salen)-catalyzed epoxidation of alkenes. The structure of the salen catalyst is simplified by a horizontal bar around the Mn atom; XO represents the terminal oxidant; and L is a generic axial ligand. 
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Figure 4. Generic representations of the most commonly-studied reaction paths for the oxygen atom transfer between oxo-manganese and oxo-iron complexes and a cis-alkene: metallaoxethane intermediate (a); concerted transition state (b); five-member ring intermediate using a nitrogen (c) or oxygen (d) from the main ligand; or via a carbon radical intermediate (e). 
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Figure 5. Catalytic cycle of Mn(acacen)ClO in a biphasic water/dichloromethane medium, adapted from Cavallo and Jacobsen [48]. The structure of the acacen moiety is represented in a simplified fashion, using black bars around the manganese atom. 
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Figure 6. Cis (a) and trans (b) isomers of oxo-Mn(salen)Cl. In these representations, the carbon atoms are represented in grey, hydrogen in light grey, oxygen in red, nitrogen in blue, chloride in light blue and the manganese atoms as yellow spheres. 
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Table 1. Density functionals most often mentioned in the bibliographic sources and the percentage within the sources referring to Density Functional Theory (DFT) calculations.
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Functional

	
N

	
%






	
B3LYP

	
89

	
84.0




	
BP86

	
27

	
25.5




	
LDAor LSD

	
15

	
14.2




	
PW91

	
9

	
8.5




	
BLYP

	
8

	
7.5




	
PBE

	
8

	
7.5




	
mPBE

	
8

	
7.5




	
OPBE

	
7

	
6.6




	
B3PW91

	
4

	
3.8




	
PBE0

	
3

	
2.8




	
M06

	
3

	
2.8




	
B97

	
2

	
1.9




	
PW91B95

	
2

	
1.9
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Table 2. Relative gas-phase energies (in kJ·mol−1) of the singlet, triplet and quintet states of Mn complexes using different DFT methods. The ground state in each entry is highlighted in bold.
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Functional

	
Basis Set

	
Complex

	
Singlet

	
Triplet

	
Quintuplet

	
Reference






	
BP86

	
DZVP     a   

	
Mn(acacen)Cl

	
+37.2

	
0.0

	
+33.0

	
[32]




	
BP86

	
BS1     b   

	
Mn(acacen)    +   

	
NA     c   

	
+62.0

	
0.0

	
[17]




	
B3LYP

	
BS1

	
Mn(acacen)    +   

	
NA

	
+112.0

	
0.0

	
[17]




	
PW91

	
BS2     d   

	
Mn(porphyrin)

	
+80.0

	
+51.0

	
0.0

	
[33]




	
LSD

	
BS3 e

	
Mn(salen)    +   

	
−66.0

	
0.0

	
+104.6

	
[31]




	
PW91

	
BS3

	
Mn(salen)    +   

	
−42.7

	
0.0

	
+2.8

	
[31]




	
TPSS

	
BS3

	
Mn(salen)    +   

	
−43.9

	
0.0

	
+5.0

	
[31]




	
X3LYP

	
BS3

	
Mn(salen)    +   

	
−18.7

	
0.0

	
+82.3

	
[31]




	
X3LYP

	
BS4     f   

	
Mn(salen)    +   

	
−19.5

	
0.0

	
+80.5

	
[31]




	
X3LYP

	
BS5     g   

	
Mn(salen)    +   

	
−21.7

	
0.0

	
+84.1

	
[31]




	
LSD

	
BS3

	
Mn(salen)Cl

	
+6.1

	
0.0

	
+240.5

	
[31]




	
PW91

	
BS3

	
Mn(salen)Cl

	
+17.9

	
0.0

	
+225.7

	
[31]




	
TPSS

	
BS3

	
Mn(salen)Cl

	
+22.7

	
0.0

	
+224.9

	
[31]




	
X3LYP

	
BS3

	
Mn(salen)Cl

	
+16.5

	
0.0

	
+238.6

	
[31]




	
X3LYP

	
BS4

	
Mn(salen)Cl

	
+24.1

	
0.0

	
+236.8

	
[31]




	
X3LYP

	
BS5

	
Mn(salen)Cl

	
+20.0

	
0.0

	
+237.3

	
[31]








    a    Double-ζ Valence with Polarization;     b    mixed basis set: Triple-ζ Valence (TZV)on Mn, Split-Valence with Polarization (SVP)on other elements;     c   , not available;     d   , mixed basis set: Los Alamos National Lab Double-ζ Pseudo-Potential (LANL2DZ)on Mn, Dunning double-ζ on other elements; e mixed basis set: TZV(2pf) for Mn; TZV for H; TZV(P) for other elements;     f    mixed basis set: TZV(p) for Mn; Split-Valence (SV) for H; SVP for other elements;     g    mixed basis set: TZV(2pf) for Mn; TZV(P) for H; TZV(2d) for other elements.
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Table 3. Relative gas-phase energies (in kJ·mol−1) of the singlet, triplet and quintet states of oxo-Mn complexes. The ground state in each entry is highlighted in bold.
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Method

	
Functional

	
Basis Set

	
Species

	
Singlet

	
Triplet

	
Quintet

	
Reference






	
DFT

	
B3LYP

	
DZVP     a   

	
Oxo-Mn(acacen)    +   

	
0.0

	
−6.7

	
+20.9

	
[23]




	
DFT

	
B3LYP

	
DZVP

	
Oxo-Mn(acacen)Cl

	
0.0

	
–33.9

	
−39.3

	
[23]




	
CCSD(T)     b   

	
—

	
DZVP

	
Oxo-Mn(acacen)    +   

	
0.0

	
+5.9

	
+72.3

	
[23]




	
CCSD(T)

	
—

	
DZVP

	
Oxo-Mn(acacen)Cl

	
0.0

	
+60.6

	
+45.6

	
[23]




	
DFT

	
BP86

	
DZVP

	
Oxo-Mn(acacen)Cl

	
−59.8

	
–32.6

	
0.0

	
[32]




	
DMRG-SCF     c   

	
—

	
6-31G(d)

	
Oxo-Mn(acacen)Cl

	
0.0

	
−20.0

	
+60.0

	
[34]




	
DFT

	
BP86

	
BS1     d   

	
Oxo-Mn(acacen)    +   

	
0.0

	
+27.0

	
+110.0

	
[17]




	
DFT

	
B3LYP

	
BS1

	
Oxo-Mn(acacen)    +   

	
0.0

	
+11.0

	
+40.0

	
[17]




	
DFT

	
PW91

	
BS2 e

	
Oxo-Mn(porphyrin)

	
0.0

	
+1.0

	
+29.0

	
[33]




	
CASSCF     f   

	
—

	
6-31G(d)

	
Oxo-Mn(acacen)    +   

	
0.0

	
−12.1

	
+165.9

	
[35]




	
MRMP2     g   

	
—

	
6-31G(d)

	
Oxo-Mn(acacen)    +   

	
0.0

	
−9.6

	
+188.1

	
[35]




	
DFT

	
LSD

	
BS3     h   

	
Oxo-Mn(salen)    +   

	
−16.0

	
0.0

	
+99.2

	
[31]




	
DFT

	
PW91

	
BS3

	
Oxo-Mn(salen)    +   

	
+2.8

	
0.0

	
+69.6

	
[31]




	
DFT

	
TPSS

	
BS3

	
Oxo-Mn(salen)    +   

	
+5.0

	
0.0

	
+62.7

	
[31]




	
DFT

	
X3LYP

	
BS3

	
Oxo-Mn(salen)    +   

	
+23.5

	
0.0

	
+45.0

	
[31]




	
DFT

	
X3LYP

	
BS4     i   

	
Oxo-Mn(salen)    +   

	
+21.8

	
0.0

	
+40.4

	
[31]




	
DFT

	
X3LYP

	
BS5     j   

	
Oxo-Mn(salen)    +   

	
+24.9

	
0.0

	
+46.5

	
[31]




	
DFT

	
LSD

	
BS3

	
Oxo-Mn(salen)Cl

	
−11.9

	
0.0

	
+232.4

	
[31]




	
DFT

	
PW91

	
BS3

	
Oxo-Mn(salen)Cl

	
+5.8

	
0.0

	
+218.4

	
[31]




	
DFT

	
TPSS

	
BS3

	
Oxo-Mn(salen)Cl

	
+7.4

	
0.0

	
+219.9

	
[31]




	
DFT

	
X3LYP

	
BS3

	
Oxo-Mn(salen)Cl

	
+7.8

	
0.0

	
+232.3

	
[31]




	
DFT

	
X3LYP

	
BS4

	
Oxo-Mn(salen)Cl

	
+13.5

	
0.0

	
+229.3

	
[31]




	
DFT

	
X3LYP

	
BS5

	
Oxo-Mn(salen)Cl

	
+7.7

	
0.0

	
+231.4

	
[31]








    a   , Double-ζ Valence with Polarization;     b   , Coupled Cluster with Single and Double excitations and extrapolated Triple excitations;     c   , Density Matrix Renormalization Self-Consistent Field;     d   , mixed basis set: TZV on Mn, SVP on other elements; e, mixed basis set: LANL2DZ on Mn, Dunning double-ζ on other elements;     f   , Complete Active-Space Self-Consistent Field;     g   , Multi-Reference second-order Møller–Plesset;     h   , mixed basis set: TZV(2pf) for Mn; TZV for H; TZV(P) for other elements;     i   , mixed basis set: TZV(p) for Mn; SV for H; SVP for other elements;     j   , mixed basis set: TZV(2pf) for Mn; TZV(P) for H; TZV(2d) for other elements.
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