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Abstract

:

The formation of catalytically active nano-sized cobalt-containing structures in multicomponent hydrogenation systems based on Co(acac)2 complex and various cocatalysts, namely, AlEt3, AlEt2(OEt), Li-n-Bu, and (PhCH2)MgCl, has been studied for the first time in detail using dynamic EPR spectroscopy. It is shown that after mixing the initial components, paramagnetic structures are formed, which include a fragment containing Co(0) with the electronic configuration 3d9, as well as a fragment bearing an aluminium, lithium, or magnesium atom, depending on the nature of the used cocatalyst. Such bimetallic paramagnetic sites are stabilized by acetylacetonate ligands. In addition, the paramagnetic complex contains the arene molecule(s), and the cobalt atom is bonded with the atom of the corresponding non-transition through the alkyl group of the co-catalyst, in particular through the carbon atom in the α-position with respect to the atom of the non-transition element. Due to the high reactivity of the described intermediates, they, under the conditions of hydrogenation catalysis, are transformed into nano-sized cobalt-containing structures that act as carriers of the catalytically active sites. Furthermore, because of the high reactivity and paramagnetism, such intermediates can be detected only by the EPR technique. The paper describes the whole experimental way of interpreting the EPR signals corresponding to the intermediates, precursors of catalytically active structures. In addition, a possible mathematical model based on the obtained experimental EPR data is presented.
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1. Introduction


Currently, electron paramagnetic resonance (EPR), or electron spin resonance (ESR) spectroscopy, is one of the most accurate methods [1] allowing the determination of the types of magnetic nuclei with which an unpaired electron interacts in various structures, ranging from organic [2,3,4], inorganic [5,6] and organometallic [6,7,8] radicals to coordination complexes [4,9,10] and biological macromolecules [11,12,13] containing a paramagnetic centre. The EPR signal intensity depends on the number of spins. Therefore, this method, like any other spectroscopic technique, can be employed analytically to determine the concentration of paramagnetic particles [14,15,16,17]. Such analytical applications commonly require a reference sample for the creation of a calibrated intensity scale. In some cases, EPR spectroscopy can be exploited for the evaluation of a chemical reaction rate or conformational change rate [18,19,20]. All the above enables consideration of the EPR approach as an almost indispensable tool for a detailed study of the formation and functioning of catalytically active species at the molecular level.



In the literature, there are reviews devoted to the application of EPR spectroscopy in enzymatic [21,22,23], homogeneous [22,23,24], heterogeneous and/or nanoscale [23,25,26,27,28] catalysis. Generally, these reviews summarize the employment of EPR in investigations of specific catalysts. In the present work, multicomponent catalytic hydrogenation systems were chosen as model ones. These systems are formed from at least two components, each of which does not exhibit catalytic activity separately under the given conditions. Upon mixing the components, the structures, active in the catalytic processes, e.g., in hydrogenation and/or oligo-/polymerization of unsaturated hydrocarbons, are formed. Among the best known such systems are Ziegler-type catalysts [29,30,31,32] or Brookhart compositions [33,34,35]. This choice is non-random. First, these systems show catalytic activity in various industrially important chemical transformations, namely in hydrogenation, oligo- and polymerization, as well as isomerization of unsaturated compounds, the nature of the catalytically active centres being dependent, inter alia, on the type of reactions [29,30,32,35]. Second, variation in the structure and conditions of the formation and/or functioning of such systems allows one to obtain, in one reaction operation, the compounds that have paramagnetic properties of organic radicals and organometallic complexes, as well as ferromagnetic characteristics of nano-sized particles. Consequently, the reactivity of these systems can be compared under the same conditions. As a result, the data of EPR and kinetic studied, obtained from one experiment, enable reliable description of the processes occurring at the stages of catalyst formation and functioning. A major drawback of this approach is that the samples of the analysed systems should studied ex situ, taking samples in the course of the experiment. Given that most of the intermediates that are generated at the stage of catalytically active sites formation are highly reactive substances, the nature of which depends, among other things, on the method of sampling, some error may arise in the quality of the obtained results. Therefore, to improve the reliability of the results, it makes sense to perform, apart from careful experiments, a reasonable number of repetitions of each specific model test. It should be noted that today, catalytically active systems can already be analysed in situ [36,37,38,39]. One can hope that in the future, the wide application of these techniques will significantly expand the potential of research.



A large body of evidence on the formation and functioning of multicomponent systems for oligo- and polymerization of α-olefins was reported [36,40,41,42,43,44]. Noteworthily, the EPR spectroscopy played a crucial role in these studies. For example, the EPR technique was employed for the investigation of nickel- [45,46,47,48,49], chromium- [50], cobalt- [51,52], and iron- [53,54] containing multicomponent systems, etc. [55,56,57,58,59,60,61]. On the other hand, EPR spectroscopy is less often used for the study of multicomponent hydrogenation systems. Meanwhile, from a historical perspective, multicomponent catalytic systems were first applied just to the hydrogenation processes [62,63,64]. Further milestones in the development of hydrogenation catalysis using the multicomponent catalytic systems were summarized in detail in the review [29] and, therefore, they remained beyond the scope of the present. It should only be mentioned that almost all studies carried out over the past 20–30 years (i.e., the studies performed using high-precision analytical equipment) show that M(0)n particles are formed during the formation or functioning of the catalytic system. The size of these particles depends on many parameters, e.g., the nature of each component of the catalytic composition, the order and method of the component mixture, the character of the solvent, the substrate and time of its introduction into the reactor, hydrogenation temperature, hydrogen pressure, and the presence of impurities in the reaction system, namely, specially introduced ligands, air oxygen, water, etc. [29,65,66,67,68,69,70]. Interestingly, the components acting as cocatalysts (as a rule, these are aluminium, lithium or magnesium organic compounds, as well as complex metal hydrides) play the role of not only the reducing agents, but also stabilizers of the transition metal species formed, as well as inhibitors of catalytic activity [69,70]. Among the only true homogeneous multicomponent catalysts of hydrogenation are the systems based on (Cp)2TiCl2 + nAlEt3 [71], in which titanium(III) hydrides {(Cp)2Ti-H} are assumed to be catalytically active complexes, as well as the compositions described by Müttertiz et al. [72,73,74], i.e., allylcobalt complexes η3-C3H5CoL3, where L is a phosphine or phosphite ligand. In addition, it cannot be ruled out that in multicomponent hydrogenation systems, both homogeneous (for example, if the nanoparticles are soluble in the solvent(s) used or the formed active in catalysis complexes work according to FLP mechanism [75,76]) and microheterogeneous/nanosized centres will possess activity [70]. Moreover, in the case of the microheterogeneous/nanosized particles, both surface transition metal atoms M(0) and supported metallocomplexes, which represent in essence the transition state between a mixture of the initial components and M(0)n particles, can exert catalytic activity.



In this vein, of special interest are two catalytic systems formed in situ from M(acac)2 and AlEt3, where M = Ni or Co. It is established that, when the compounds with “reachable” degree of purity (water content does not exceed 2 mmol/L) are employed as the initial components (solvents, Ni(acac)2, Co(acac)2, substrate(s) and gases), homogeneous solutions, stable without air or moisture, are formed. Such compositions are found to be catalytically inactive at all [68,69,70]. Here, Ni(acac)2 or Co(acac)2 are reduced to the state of Ni(0) and Co(0), respectively. The addition of water or other proton-donor solvents heterogenises these compositions and leads to an appearance of an increase in the catalytic activity. The TOF and TON of both systems in hydrogenation of, for example, the model styrene compound, are approximately the same. In both cases, the carriers of catalytic activity are proven to be nano-sized particles, consisting of a metal core (0.7–5 nm) stabilized by a ligand shell. The ligand shell contains acetylacetonate compounds of aluminium and AlEt3 that are bound to the surface metal atoms by an acid-base interaction. However, the mechanisms of formation of these particles are completely different [68,69,70].



The combined study using EPR technique, kinetic research, UV, IR, TEM HR, electron diffraction and energy dispersive X-ray analysis has shown that the interaction of Ni(acac)2 with AlEt3 under mild conditions (T = 30 °C, PH2 = 2 atm) involves the reduction of nickel to zerovalent state, while the reaction solution remains homogeneous (ferromagnetic resonance signal in the EPR spectrum and high-contrast regions on the TEM HR micrographs are absent). The addition of water or another proton-donor compound to the reaction system leads to the appearance and growth of a ferromagnetic resonance signal, the intensity of which increases as the catalytic activity enhances [68,69,70]. The analysis of particle size distribution histograms indicates that the growth of the particle size may be due to the diffuse aggregation.



It is noteworthy that the study of the system formed from Co(acac)2 and AlEt3 by UV, IR, TEM HR methods as well as kinetic experiments gave almost similar results. However, the data obtained using the EPR are fundamentally different. Immediately after mixing the initial components of the system based on Co(acac)2 and Red (where Red = AlEt3), characteristic signals were recorded in the EPR spectra (at T = 77 K). The signals were previously attributed to the cobalt complexes in formally zero oxidation state [66,69,71,77].



Despite the fact that these structures have been described in a number of works [67,70,72,78], the issue concerning their nature and a role in hydrogenation catalysis remains open. The reason is that the EPR technique (at T = 77 K) is almost the only method suitable for detection of such structures. Therefore, to obtain additional information, in this work, we have employed a combined approach comprising kinetic experiments and EPR studies, as well as the mathematical simulation technique. Previously, the efficiency of such approach was demonstrated for the multicomponent nickel-containing systems of ethylene oligo- and polymerization [78]. However, this approach will be used to study multicomponent hydrogenation systems for the first time. Accordingly, the application of this methodology will originally permit to present in dynamics the entire process of the formation of cobalt-containing sites catalytically active in hydrogenation through the generation of intermediates. The findings disclosed in the paper, on the one hand, will gain insight into the still poorly studied formation of the multicomponent hydrogenation systems, and on the other hand, will contribute to the development of methodologies for dynamic EPR spectroscopy. The first part of the work describes the obtained experimental facts, while the second one deals with the results of the mathematical simulation and provides the discussion of the experimental data.




2. Results


First of all, it should be noted that the characteristic EPR signals for systems based on Co(acac)2 and Red (where Red = AlEt3, AlEt2(OEt), Li-n-Bu, (PhCH2)MgCl) are recorded at T = 77 K. A detail study of each specific system has shown that the paramagnetic complex contains arene molecule(s), which may be used either as a solvent or be specially added to the system. Thus, the corresponding characteristic signal is detected during the formation of the Co(acac)2—AlEt3 system in a medium of saturated hydrocarbon (heptane) after the addition of arene already at a molar ratio of arene/Co = 1–2. It is found that the parameters of the EPR spectra depend on the number and position of alkyl substituents in alkylbenzenes. Figure 1 depicts such spectra obtained in the presence of toluene, p-xylene (1,4-dimethylbenzene), mesitylene (1,3,5-trimethylbenzene), and durene (1,2,4,5-tetramethylbenzene).



The variation in the arene/Co ratio during the formation of Co(acac)2—AlEt3 systems in a heptane medium suggests that one or two arene molecules are coordinated to cobalt. This fact is confirmed by the results of other experimental and computational studies [79,80,81,82,83].



The dependence of intensity changes of the signals, recorded in the presence of toluene and mesitylene, on time is shown in Figure 2 and Figure 3, respectively. It is found that changes in the signal intensities of systems formed in argon occur through a maximum. The stability of the considered paramagnetic signals depends on the nature of the arene. The signal of the Co(acac)2–AlEt3 system obtained in mesitylene is the most stable (see Figure 3). Quantitative analysis reveals that the maximum intensity of the paramagnetic signal corresponds to ~77% from the signal intensity of the initial Co(acac)2.



All spectra shown in Figure 1, Figure 2 and Figure 3 and almost all other spectra discussed below, apart from the main signal, contain a ferromagnetic resonance signal, though very weak and very wide, since the right and left shoulders of each spectrum are at different heights. This signal is due to the rapid transformation of cobalt-containing complexes to cobalt-containing Co(Ar)(L) particles (where Ar is arene, L is AlEt3 or AlEt2(acac)). It was reported [69,70,77] that the formation of the cobalt-containing nanoparticles and their average size depend on the amount of water or other proton-donor compounds, which are present or specially introduced into the systems under study. Therefore, it can be assumed that the low-intensity, broadened ferromagnetic resonance signal is caused by trace amounts of water contained in the initial components and gases, as well as on the walls of reaction vessels and EPR ampoules. More reasonable assumptions cannot yet be made.



Although the complexes of Group 9 metals usually have weaker metal-arene bonds compared to the related compounds of Groups 6–8 [83,84], the generation of structures containing a Co-arene bond under the conditions of a multicomponent system formation is possible. Apparently, the formation of such bonds is a key factor in the production of paramagnetic cobalt-containing structures.



The parameters and/or intensity of the recorded signals, as well as the intensity of the ferromagnetic resonance signal, all other things being equal, also depend on the nature of the cocatalyst [69,77] (see Figure 4).



For example, among the cocatalysts studied in this work, the most reproducible and well-resolved spectra were detected for the systems with triethylaluminum, while low-intensity signals were recorded for the systems based on magnesium and organolithium compounds at any ratio of the initial components. Moreover, for the systems formed in the presence of organolithium compounds, the intensity of EPR signals was higher than that of for the systems based on organomagnesium components. In addition, the maximum intensity of paramagnetic signals also depends on the nature of the cocatalyst. For instance, for the systems formed in the presence of AlEt3, paramagnetic signals were observed at Al/Co ≥ 2; in the presence of Li-n-Bu—at Li/Co > 5–10; in the presence of (PhCH2)MgCl—at Mg/Co > 10, in the presence of AlEt2(OEt)—at Al/Co = 10.



Parameters of the cobalt-containing fragments of the EPR spectra, within the limits of measurement errors, do not depend on the nature of the non-transition element (see Figure 4). On the other hand, the signals of paramagnetic structures described above were not detected in the EPR spectrum for systems based on Co(acac)2—Red, where Red = LiAlH4 or LiAlH(tert-OBu)3. In other words, the above paramagnetic centres can only be formed if the cocatalyst contains a M–carbon bond (where M = Al, Li, Mg), i.e., when cobalt is bonded with a non-transitional element through the alkyl group of the co-catalyst, in particular, through the α-carbon atom. Such compounds were previously documented by Wilke et al. [85].



It was found that paramagnetic signals were not detected, when compounds with monodentate anionic ligands, such as halides or alkoxides, were used as the initial cobalt complex. For comparison, the system based on a complex of cobalt dimethylglyoxymate was also studied. In this case, the attempts to record the spectra of paramagnetic structures also failed. This means that chelating oxygen-containing ligands in the initial cobalt complex play an important role in the formation of paramagnetic cobalt-containing structures.



It was shown that when Co(acac)2 was replaced by crystalline hydrates, Co(acac)2·0.5H2O or Co(acac)2·3.0H2O, in the AlEt3-based system, the intensity of EPR signal decreased and the spectrum was distorted (Figure 5) compared to the intensity of the signal recorded for the of Co(acac)2-based systems (see Figure 5). When AlEt2(OEt) was used as a cocatalyst, a strongly distorted signal was observed in the EPR spectrum (see Figure 5d), apparently due to changes in the geometry of the structure caused by the replacement of the Et-fragment for the OEt-group. Figure 5e shows also the spectrum of the Co(acac)2–AlEt3–3n-BuOH system. To record this spectrum, the Co(acac)2–AlEt3 system was obtained as a preliminary step; its spectrum is shown in Figure 5a, then the calculated amount of alcohol was added to this system. The EPR sample was taken immediately after the addition of n-BuOH, other things being equal. In other words, the introduction of butanol led to complete disappearance of the signal from the paramagnetic structure.



When the components of the Co(acac)2-AlEt3 system interact in a hydrogen atmosphere, a more than twofold decrease in the initial intensity of the paramagnetic signal in the EPR spectrum and its complete disappearance after 4 min are observed (see Figure 6). It should be noted that under the same reaction conditions, but in an argon atmosphere, the EPR signals of the paramagnetic structures formed in toluene were detected for at least 45 min (see Figure 1, Figure 2 and Figure 3). This can be explained by the fact that the intermediate cobalt alkyl complexes are highly reactive compounds. The reactions of LCoEt hydrogenolysis (L = arene, AlEt3, and AlEt2(acac)) or oxidative addition of a hydrogen molecule to Co(0) lead to a rapid loss of paramagnetism under the conditions of hydrogenation catalysis.



Previously, it was shown [66] that the addition of an olefin, for example, hexene-1, to the Co(acac)2–AlEt3 system transformed one signal in the EPR spectrum into another one. It was assumed that this phenomenon is due to the substitution of acetylacetonate ligand in the first coordination sphere of the cobalt atom by the olefin molecule. In the present work, we failed to reproduce these results for the formation of the Co(acac)2–AlEt3 system either in argon or in hydrogen. It was found that when 1-hexene was added to the Co(acac)2–AlEt3 system formed in argon, the intensity of the signal from paramagnetic centres dropped sharply, while the signal shape was distorted (see Figure 7a–d). The signal of the paramagnetic complex was almost unobserved (Figure 7e) if styrene was used as a substrate. When the Co(acac)2–AlEt3 system was formed in a hydrogen atmosphere, the addition of 1-hexene sharply reduced intensity of the paramagnetic signal, and in the first minute after the hydrogenation started, the signal disappeared completely.



Therefore, to obtain additional information about cobalt-containing centres in the hydrogenation of model substrates, we have performed the experiments combining kinetic analysis, TEM, and EPR [69,77]. The combination of EPR spectroscopy and kinetic studies has shown the absence of a cymbate relationship between the concentration of paramagnetic complexes recorded in the EPR spectra and the catalytic activity of the employed systems in the hydrogenation of styrene. On the other hand, the appearance and growth of hydrogenation catalytic activity are associated with a pronounced ferromagnetic resonance signal. At the same time, for these samples, cobalt-containing nanoparticles were detected using TEM. This may be due to the fact that, under the conditions of catalytic hydrogenation, paramagnetic cobalt-containing structures are transformed to a more stable state, the nanoscale state. Noteworthy, to impart catalytic activity to the systems based on Co(acac)2–AlEt3, the proton-donor compounds are required [69,77]. It is established that AlEt3 molecules in these specifics act not only as reducing agents and stabilizers of the formed particles, but as a catalytic poison. Regardless of structural peculiarities of AlEt3 surface compounds with cobalt, AlEt3 exerts a poisoning effect on the hydrogenation activity. The addition of proton-donor compounds suppresses the inhibitory effect. Simultaneously with hydrogenation, aggregation of cobalt-containing particles occurs due to their low stability in hydrocarbon media, which gradually decreases the catalytic activity owing to the reduction of the amount of the most active coordinatively unsaturated centres.



If proton-donor compounds are not added to the systems formed on the basis of Co(acac)2–AlEt3, a signal of paramagnetic cobalt-containing structures (see above) is first observed, which is eventually transformed into a low-intensity and broadened ferromagnetic resonance signal. At the same time, contrast structures are absent in the TEM micrographs, and catalytic activity during the performance of kinetic experiments is lacking.




3. Discussion


All the above spectra (Figure 1, Figure 2, Figure 3, Figure 4, Figure 5, Figure 6 and Figure 7) show experimentally obtained results. To confirm the reliability of the spectral interpretation, mathematical simulation is required. In this work, the “EasySpin” module of the Matlab package [86] was employed, which takes into account only the electronic Zeeman and hyperfine coupling in the first order of approximation.



Previously [69,77], the EPR spectra of the systems formed on the basis of Co(acac)2–AlEt3 were simulated. It was assumed [87,88] that the spectrum presented in Figure 1a is a biaxially anisotropic signal with the following g-factor parameters: g⊥ = 2.050, g|| = 2.355 (Figure 8a and Supplementary Material). Comparison of the real and simulated spectra, as well as the treatment of all other spectra shown in Figure 1, Figure 2, Figure 3, Figure 4, Figure 5, Figure 6 and Figure 7 call into question the accuracy of these assumptions.



The above spectra of the systems formed in the presence of Li-n-Bu or (PhCH2)MgCl (see Figure 4) differ from those of the system formed with AlEt3 by the g3 region. In the case of Li-n-Bu, three of the eight signals, and in the case of (PhCH2)MgCl, four of the eight signals, are fused. This fact can be explained by the overlapping of two different EPR signals corresponding to two geometrically different paramagnetic structures.



In the simulation performed in this work, we considered the possible formation of not only paramagnetic cobalt-containing structures, since for the studied multicomponent systems, paramagnetic centres based on aluminium (27Al, Nuclear spin 2.5, Natural abundance 100%), lithium (7Li, Nuclear spin 1.5, Natural abundance 92.41%) and magnesium (25Mg, Nuclear spin 2.5, Natural abundance 10%) can also be generated depending on the nature of the used cocatalyst [86]. Previously published articles [69,77] did not account for such a possibility. Meanwhile, the works [69,77] reported the EPR spectra recorded at room temperature for the Co(acac)2–AlEt3 systems (see Figure 9 and Supplementary Material), which were described as a combination of a low-intense ferromagnetic resonance signal from [Co]n and a signal with a hyperfine structure due to the interaction of an unpaired electron with the nuclei of cobalt, aluminium and hydrogen atoms.



In other words, such an EPR spectrum can be interpreted as the coordination of cobalt-containing nanoparticles with the AlEt2(acac) radical:


[image: Catalysts 13 00653 i001]

The stabilization of AlEt2(acac) in the Co(0) coordination sphere is additionally confirmed by the fact that the rate of the interaction between AlEt3 and AlEt2(acac) in the presence of Co(0) structures is by 1.7 times lower than that of the interaction between AlEt3 and AlEt2(acac) in the absence of cobalt, according to UV spectroscopy data [69].



Figure 8b depicts the real and simulated spectra of the Co(acac)2–AlEt3 system formed in toluene. The simulation was performed for a structure containing both paramagnetic cobalt and aluminium centres. In addition, a component corresponding to a low-intensity, broadened ferromagnetic resonance signal was included in the simulation model. The cobalt structure is presented by a triaxial anisotropic signal with the following g-factor parameters: g1 = 2.0170, g2 = 2.07131, g3 = 2.354 (see Table S2). That is, Co(0) is in a tetragonal field with rhombic distortion.



When AlEt3 was replaced by AlEt2(OEt) or when crystalline hydrates Co(acac)2·0.5H2O or Co(acac)2·3.0H2O were used instead of Co(acac)2, the shape of the spectrum changed (see Figure 5). This is easy to explain, since the interaction of water molecules with organoaluminium compounds affords aluminoxane-like products [89], which are close to AlEt2(OEt) molecules. In turn, changes the geometry of the resulting paramagnetic structures and distorts the signal in the EPR spectrum. Figure 10 shows real and simulated spectra for systems based on AlEt3 and Co(acac)2·0.5H2O or Co(acac)2·3.0H2O, respectively. The simulation was also carried out for the structures containing paramagnetic centres of cobalt and aluminium, in combination with a component corresponding to the ferromagnetic resonance signal.



Similar simulations were implemented for the systems formed in the presence of Li-n-Bu or (PhCH2)MgCl (see Figure 11). In this case, the simulation model of paramagnetic centres also included lithium and magnesium atoms, respectively, and the ferromagnetic resonance signal. The simulated EPR spectra corresponding to each specific component (excluding the ferromagnetic resonance one) as well as the combination of components for each of the considered catalytic systems are given in the Supplementary Material (Figures S2–S4).



It should be noted that a possible alternative to the above model assumes that the presented spectra contain at least two cobalt complexes with different g3 parameters. Therefore, a series of experiments were carried out, in which the combination of several types of cocatalysts were attempted (the order of mixing the reagents, the time of interaction of each of the reagents with each other, the sampling duration, and the nature of the different solvents were varied). The experiments with mixing two systems, e.g., Co(acac)2-AlEt3 and Co(acac)2-LiBu, formed separately, were carried out. Unfortunately, attempts to obtain reproducible results failed. Most likely, this is due to the high reactivity of the cocatalysts, which can not only react with the cobalt complex, but also affect each other. Therefore, the interpretation of the considered EPR spectra as a combination of signals from at least two cobalt complexes with different g3 parameters remains a debatable question.




4. Models of Paramagnetic Site


The performed computations permit to conclude that the paramagnetic complexes, formed via the interaction of the initial components of the studied systems, should include both cobalt (in the zero-oxidation state, with electronic configuration 3d9) and paramagnetic centres of the corresponding non-transition metals. The entire array of data presented in the paper allows us to deduce an inference that if the arene is a six-electron ligand and the alkyl group is a one-electron ligand, then acetylacetonate should be considered as a two-electron ligand taking into account the 18-electron rule [90,91]. Next, it can be assumed that cobalt is coordinated to the double bond of the carbonyl group, and non-transition metal is coordinated to the carbonyl oxygen due to the donor–acceptor interaction between the lone electron pair of the oxygen atom and the vacant orbital of a non-transition metal, for example, aluminium. The coordination of an organometallic compound with a cobalt atom occurs due to the formation of a polycentric electron-deficient bond, which, apart from the atoms of transition and non-transition metals and the α-carbon atom of the alkyl group of the cocatalyst, also contains an oxygen atom. These data support the previously proposed model (see Figure 12).



Given that the intermediates described in this paper are highly active compounds, which can be observed only by EPR spectroscopy at T = 77 K, the quantum-chemical calculations could give an additional insight into the studied structures. However, at this stage, there are no reliable algorithms for calculation of structures bearing an open electron shell. So far, there are only a few examples performed using density functional theory (DFT) that prove that such calculations are in principle possible [49,92,93]. Therefore, additional data on such structures are planned to be obtained using the EPR technique at 4–280 K, as well as pulsed EPR procedures.



The formation of the intermediates can hardly be rationalized using the 59Co or 27Al/[7Li and/or 6Li]/25Mg NMR spectroscopy. The 59Co or 27Al/[7Li and/or 6Li]/25Mg atoms are quadrupole; therefore, the characteristic signal widths increase in an asymmetric environment, which makes such studies uninformative. Nevertheless, the literature analysis evidences that such paramagnetic structures in principle can be studied by the 59Co NMR [94,95], 27Al NMR [96,97], 7Li and/or 6Li [98,99], as well as 25Mg NMR spectroscopy [100,101]. However, each specific compound has unique parameters of the corresponding NMR spectra, and a lot of experimental work is required to interpret these structures.



In addition, it should be emphasized that, firstly, the metal-arene bond weakens in the series of Fe > Co > Ni [84], and secondly, the electronic configuration of the outer electron shell of the nickel atom differs from that of the cobalt shell. Therefore, the realization of a structure similar to that shown in Figure 12 is likely impossible for nickel.



The formation of nano-sized catalytically active structures in hydrogenation catalysis can be represented as follows (see Scheme 1):



A solution of Co(acac)2 in arenes or in saturated hydrocarbons with arenes has a characteristic signal in the UV spectrum: λmax = 288 HM, ε288 = 16 200 L (mol cm)−1. Accordingly, transformation (I, Scheme 1) can be monitored in descending order or by complete disappearance of this signal. As shown above, the formation of bimetallic paramagnetic structures containing Co(0) is easily detected using the EPR spectroscopy. Meanwhile, the formation of LCo(Ar) (where Ar—arene, L = AlEt3 and/or AlEt2(acac)) (II, Scheme 1) structures and even their existence as a matter of fact is a theoretical conclusion. Since, in this case, cobalt is also formally Co(0), it should be visible by the EPR spectroscopy. However, new signals were not detected. Therefore, it can be assumed that the LCo(Ar) structures dimerize to form diamagnetic (via the interaction of two molecules of the Co(0) complex), etc. compositions. When they reach a critical concentration, these compositions give nano-sized compounds (III, Scheme 1), which appear in the EPR spectrum by the ferromagnetic resonance signals, and on TEM micrographs, they are observed as high-contrast structures. At the moment, it seems impossible to make more reasonable assumption. The implementation of path IV (see Scheme 1) was previously described in detail [69,70,77].




5. Materials and Methods


Experimental methods for the preparation of the starting reagents and gases, synthetic protocols and procedures of the starting components interaction, as well as performing the kinetic, EPR and TEM HR experiments have been discussed in detail [69,77] and in the Supplementary Material.




6. Conclusions


In conclusion, the dynamics of the initial compound transformation into paramagnetic bimetallic intermediates acting as precursors of catalytically active sites has been studied for the first time using the example of multicomponent hydrogenation systems Co(acac)2 and Red (where Red = AlEt3, AlEt2(OEt), Li-n-Bu, (PhCH2)MgCl). Despite the fact that the intermediates formed in multicomponent systems under the conditions of oligo- and/or polymerization of α-olefins have been thoroughly described, hydrogenation systems in this sense are poorly investigated. This is due to the high reactivity of such intermediates, and to the fact that the hydrogenation systems are very sensitive to air or moisture. Consequently, for the correct interpretation of the obtained experimental data, one should clearly understand the meaning of each specific experimental fact, as well as the significance of the results obtained for planning further research work. In this particular case, it is possible not only to detect intermediates immediately for several catalytic systems, but also to monitor the features of their behaviour in dynamics, under a certain range of conditions. In addition, a large body of statistical information has been obtained in the course of the EPR experiments. The processing of all these data enables the suggestion that the intermediates bear two paramagnetic fragments, one of which contains a cobalt atom in a formally zero oxidation state (with the electronic configuration 3d9), stabilized by an arene molecule(s) and an acetylacetonate ligand, and the second has an aluminium, lithium or magnesium atom (depending on the nature of the cocatalyst used). The simultaneous combination of kinetic experiments with the EPR and TEM studies, as well as statistical processing of all data permits to explain and link together both the previously described results [66,69,77] and the findings are presented for the first time in this work.



The procedure of EPR experiments with multicomponent systems of catalytic hydrogenation, with an explanation of each subsequent experimental step, is reported in detail for the first time. The total route of mathematical modelling of the obtained spectra is presented. The scheme of all proposed transformations, occurring during the formation of the multicomponent catalytic hydrogenation systems, is presented for the first time. These findings can constitute the basis for the development of a general methodology for dynamic EPR spectroscopy of multicomponent catalytic hydrogenation systems.
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Figure 1. EPR spectra of the Co(acac)2–AlEt3 catalytic system formed in an argon atmosphere, other conditions being equal, in the presence of (a) toluene, (b) mesitelene, (c) p-xylene, (d) durene. Spectrum (a) was taken from [69,77]. 
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Figure 2. Time dependence of EPR spectra of the catalytic system formed on the basis of Co(acac)2–AlEt3 in toluene in an argon atmosphere under otherwise equal time conditions: (a) 0.1 min, (b) 0.5 min, (c) 1 min, (d) 5 min, (e) 10 min, (f) 15–45 min, (g) 60–90 min (Some spectra (Figure 2f,g, and et seq.), apart from the paramagnetic signals, contain a broadened ferromagnetic resonance signal. These signals are due to the transformation of paramagnetic intermediates into nano-sized cobalt-containing structures. The rate of the intermediate transformation into a nanostructure is determined, other things being equal, by the nature of the cocatalyst.). Spectrum (a) was taken from [77]. 
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Figure 3. Time dependence of EPR spectra of the catalytic system formed on the basis of Co(acac)2–AlEt3 in mesitylene in an argon atmosphere under otherwise equal time conditions: (a) 0.1–1 min, (b) 5–15 min, (c) 15–25 min, (d) 25–45 min, (e) 45–80 min, (f) 80–160 min, (g) 200 min. Spectrum (a) was taken from [69]. 
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Figure 4. EPR spectra of the Co(acac)2–Red catalytic system formed in an argon atmosphere, other conditions being equal, where (a) Red = AlEt3, (b) Red = Li-n-Bu and (c) (PhCH2)MgCl. Spectrum (a) was taken from [77]. 
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Figure 5. EPR spectra of the catalytic system formed on the basis of AlEt3 in an argon atmosphere, (a) Co(acac)2, (b) Co(acac)2∙0.5H2O, (c) Co(acac)2∙3.0H2O, (d) Co(acac)2–AlEt2(OEt) and (e) Co(acac)2–AlEt3–3n-BuOH. Spectra were obtained under identical conditions. Spectra (a,b) were taken from [69,77]. 
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Figure 6. EPR spectra of the Co(acac)2–AlEt3 catalytic system formed in toluene in a hydrogen atmosphere: (a) 0.1–1 min, (b) 1–2 min, (c) 2–3 min, and (d) 4 min. Spectra were obtained under identical conditions. 
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Figure 7. EPR spectra of the Co(acac)2–AlEt3 catalytic system formed in toluene in a argone atmosphere in the presence of: (a–d) 1-hexene, (e) styrene; (a,e) 0.1–0.5 min, (b) 1–3 min, (c) 3–5 min, (d) 5–7 min after mixing the components. Spectra were obtained under identical conditions. 
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Figure 8. Real (red line) and simulated (blue line) EPR spectra of the Co(acac)2–AlEt3 catalytic system formed in toluene in an argon atmosphere (T = 77 K): (a) from [69,77], (b) made for this work. 
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Figure 9. Real (red line) and simulated (blue line) EPR spectrum of the Co(acac)2–AlEt3 catalytic system formed in hexane in the presence of: (a) toluene, (b) durene, recorded at 293 K. Spectrum (a) was taken from [69,77]. 
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Figure 10. Real (red line) and simulated (blue line) EPR spectra of the catalytic system formed in toluene and in an argon atmosphere on the base of AlEt3 and Co(acac)2·3.0H2O, recorded at T = 77 K. 
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Figure 11. Real (red line) and simulated (blue line) EPR spectra of the catalytic system formed in toluene and in an argon atmosphere on the base of Co(acac)2 and (a) Li-n-Bu or (b) PhCH2)MgCl, recorded at T = 77 K. 
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Figure 12. Models of bimetallic paramagnetic complexes formed during the interaction of components of systems based on Co(acac)2 and Red (where Red = AlEt3, Li-n-Bu, (PhCH2)MgCl). The model with AlEt3 taken from [69,77]. 
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Scheme 1. Formation of nano-sized multi-component catalytically active structures in hydrogenation catalysis based on the Co(acac)2–AlEt3 system. 
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