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Abstract

:

Linear alpha-olefins are widely used in the petrochemical industry and the world demand for these compounds increases annually. At present, the main method for producing linear alpha-olefins is the homogeneous catalytic ethylene oligomerization. This review presents modern nickel catalysts for this process, mainly systems for obtaining of one of the most demanded oligomer—1-butene—which is used for the production of linear low density polyethylene (LLDPE) and high density polyethylene (HDPE). The dependence of the catalytic performance on the composition and the structure of the used activated complexes, the electronic and coordination states of the nickel center was considered.
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1. Introduction


Homogeneous catalytic ethylene oligomerization is the main method for obtaining linear alpha-olefins (LAO), which are used for the production of ethylene co-polymers, synthetic fuels, lubricants, detergents, plasticizers, solvents, etc. [1].



Nickel complexes proved to be effective pre-catalysts (substances that acquire catalytic properties after activation, usually chemical) in ethylene oligomerization processes. Work in this area was initiated by the discovery in the 1950s of the “nickel effect”, consisting in the fact that small amounts of nickel salts in combination with AlEt3 lead to the dimerization of ethylene [2]. Then W. Keim and co-workers developed in the late 1960s the nickel(0) complexes with P,O-ligands, which are currently industrially used in the “SHOP” ethylene oligomerization process (Shell, USA), with the total productivity of more than 1 million tons of alpha-olefins per year [3,4,5]. Nickel complexes are also used in other industrial processes of ethylene oligomerization (“Gulfene”/CPChem, “Linear-1”/UOP), and in dimerization of propylene and butenes (“Dimersol” and “Difasol”/IFP Energies Nouvelles; the process of Sumitomo corporation) [6,7,8].



In most of the listed industrial oligomerization processes, a wide fraction of alpha-olefins (C4–C20…30) is obtained [5,6,7]. At the same time, 1-butene, 1-hexene, and 1-octene are the most demanded oligomers due to their use as co-monomers in ethylene polymerization [9]. Therefore, over the past two decades, there has been an increase in the number of scientific works devoted to the selective ethylene oligomerization, mainly di- and trimerization [10,11]. In addition, the largest number of works in the field of ethylene dimerization is devoted to the catalytic systems based on nickel complexes, which exhibit the highest activity compared to other metal complex catalysts (Pd-, Fe-, Co-, Ru-, V- and Ti-based) [5,7,11].



In the present work, an overview of the recent scientific literature concerning nickel-based homogeneous catalytic systems for the selective dimerization of ethylene into butenes, predominantly 1-butene, and some other demanded olefins is reported. The main attention has been paid to the dependence of the catalytic properties of activated nickel complexes on the chemical nature of ligands, the electronic and coordination state of the metal center, and oligomerization conditions.




2. The Mechanism of Ethylene Oligomerization at the Ni-Sites


Ethylene oligomerization at the Ni-sites is described by the mechanism (Figure 1), consisting of coordination/insertion of ethylene molecules (chain propagation), which is followed by β-H elimination of alpha-olefin (chain transfer) [12,13,14,15,16].



Depending on the ratio of the chain propagation rate constant (kP) and chain transfer rate constant (kT), various products are obtained: kP >> kT—polymers, kP ≈ kT—oligomers; kP << kT—dimers [12].




3. Nickel Complexes Bearing Imine Ligands


Symmetric diimine nickel complexes, which were developed in the mid-1990s by M. Brookhart and co-workers, are effective pre-catalysts for ethylene oligomerization and polymerization [17]. In these complexes, bulky substituents at nitrogen atoms retard β-elimination process by blocking axial coordination centers and thus contribute to the formation of high molecular weight polymers [18]. Over the past 20 years, a large number of imine-type iron, cobalt, nickel pre-catalysts for ethylene oligomerization were developed [19,20,21,22,23,24,25,26,27,28]. The ethylene dimerization pre-catalysts are predominantly nickel complexes without bulky substituents at both nitrogen atoms (1,10-phenanthroline complexes), or at one of the nitrogen atoms [29,30,31]. The latter are asymmetric complexes in which the imino group is bonded to a nitrogen-containing heterocycle (imidazole, pyridine, quinoline). Typically, in these complexes in the alpha position of the N-atom of the heterocycle there is a bulky substituent, which creates a steric hindrance at the metal center and thereby leads to a high selectivity for butenes and, in particular, for 1-butene.



3.1. Nickel Complexes Bearing Bidentate Ligands


3.1.1. Nickel Complexes Bearing N,N-Ligands


Group of W.-H. Sun developed a wide variety of imine nickel(II) complexes with five- and six-membered chelate rings, which are the analogs of Brookhart-type systems [32] and efficient pre-catalysts for ethylene dimerization. The developed complexes contain ligands that are derivatives of 1,10-phenanthroline, pyridine, and quinoline (Figure 2).



This research group studied the effect of the steric and electronic configuration of the imine ligand on the ethylene oligomerization performance of activated complexes. For the majority of these complexes, the following pattern was observed: bromide complexes are more active than chloride counterparts, due to the greater solubility of the first [33,34].



Nickel(II) complexes bearing 2,9-disubstituted 1,10-phenanthroline were presented in [35] (Figure 3). The coordination geometry around the nickel atom is a distorted tetrahedron. Replacement of Me substituents at positions 2 and 9 of 1,10-phenanthroline by Ph ones increases oligomerization activity by a factor 1.2–2.7, while the yield of hexenes increases from 1 to 24% (please see Appendix A). Probably, in this case the same effect of bulky substituents near the metal center as for polymerization catalysts is observed: these substituents suppress β-H-elimination of 1-butene, thus favoring 1-hexene formation.



Nickel complexes with benzoxazolylpyridine ligands were also used as pre-catalysts for ethylene dimerization (2a, Figure 4) [36].



The presence of bulky substituents at benzoxazole and pyridine fragments causes high oligomerization activity. With an increase in the size of R1 substituents at the position 5 of benzoxazole—upon transition from H to tBu—the activity increases from (50–75) × 103 to (99–144) × 103 h−1. It indicates that bulky substituents protect active sites [36].



As a result of the replacement of benzoxazole by benzimidazole (2b, Figure 4), the activity decreases from 144 × 103 to 23 × 103 h−1 [36,37]. Complexes with an unsubstituted benzimidazole fragment possess high activity, which may be due to the deprotonation of the N–H group with the formation of anionic amide ligands and subsequently N–Al particles during activation. A similar pattern is observed for the complexes with a benzimidazole fragment considered below [38].



The quinoline analog of complex 2 (3, Figure 5) after activation by Et2AlCl also catalyze the ethylene dimerization [39].



A substitution of pyridine by quinoline increases the activity of the catalytic system. For example, in the case of complexes with R1 = R2 = H, R3 = Me (2b, Figure 4) and with R1 = Me, R2 = H (3, Figure 5), the activity increases from 23 × 103 to 79 × 103 h−1. With a successive increase in the steric size of R2 substituent at the nitrogen atom of benzimidazole from Me to Et and iPr, the activity decreases. This is probably due to an increase in the electron-donor effect of the alkyl substituents, as they are far enough from the Ni-center to cause steric hindrances for the ethylene coordination [39].



Ni(II) complexes bearing derivatives of 2-(1-aryliminoethylidene)quinoline were studied (4, Figure 6a) [40]. The geometry around the Ni-center is distorted tetrahedral. The most active complex (86 × 103 h−1) contains Me at position of 8 of quinoline and iPr at ortho positions of the N-aryl ring. The nickel(II) complexes bearing hydroquinoline ligands were synthesized (5, Figure 6b) [41]. Replacement of Me substituent at the position 2 of the hydroquinoline fragment (R1) by iPr results in the reduction of activity, due to its steric and electronic influence on the Ni-center.



In [42], the analogs of the above considered NiII complexes, but bearing 2-iminopyridine ligands, were presented (6, Figure 7).



Replacement of F by bulkier CF3 substituent at the ortho position of the aryl moiety (R2) leads to an increase in activity (from 529 × 103 to 657 × 103 h−1) and a decrease in selectivity for butenes (from 98% to 90%) as a result of the formation of oligomers with longer chain [42]. These complexes, immobilized on the surface of SiO2/Al2O3, have slightly less activity—(79–346) × 103 h−1—and comparable selectivity for butenes (93–98%).



Bidentate nickel(II) complexes bearing N,N-ligands, which form a six-membered chelate ring, were also considered as pre-catalysts for ethylene dimerization (Figure 8).



In [33], nickel(II) complexes bearing arylimino-quinoline ligands were studied (7, Figure 8a). The activity increases, if the substituent at ortho positions of the arylimine fragment (R1) is changed from Me to iPr; and the activity decreases if R1 is changed to Et. This can be explained by the rotation of the σ-bond in Et moiety, which thus reduces steric hindrances compared to Me.



Analogs of this complex with benzoxazolyl and benzothiazolyl fragment (8, Figure 8b), which exclude the possibility of rotation of the Ph ring at the nitrogen atom, exhibit higher activity—(138–139) × 103 vs. (25–57) × 103 h−1, but lower selectivity for 1-butene—40–44% vs. 66–78%. At the same time, complexes with benzothiazolyl and benzoxazolyl fragments have similar activity—129 × 103 and 138 × 103 h−1, respectively [43].



Based on 1,10-phenanthroline derivatives, bis-chelate (9) and binuclear (10) nickel complexes were synthesized (Figure 9) [44].



Binuclear complex 10 has ca. 8 times higher activity compared to bis-chelate complex 9. This may be due to the fact that two cyano-phenanthroline ligands in complex 8 occupy the space around the Ni-center and thus hinder the coordination of ethylene [44]




3.1.2. Nickel Complexes Bearing N,O- and N,S-Ligands


Casagrande and co-workers developed ether-imine-furfural nickel(II) complexes 11a–11d (Figure 10) [45].



The coordination of the oxygen-donor group to a nickel center in the activated complex promotes the formation of more stable catalytic active species. The substitution of the alkyl moiety by a more rigid Ph ring (11b) in pendant Z-group leads to an increase in activity from 22 × 103 to 57 × 103 h−1. A decrease in the steric hindrance of the furfural unit by changing Me at the position 5 to H (11c) leads to a 3-fold reduction in activity. An increase in the length of the bridge between the imine and ether donor groups by one carbon atom (11d) leads to a 4-fold decrease in activity. This phenomenon is due to the difficulty in coordination of the OMe-group to the metal center with the formation of a stable six-membered cyclic complex [45].



Depending on the co-catalyst, these complexes have different activities. Thus, after activation by polymethylaluminoxane (PMAO-IP, where IP—improved performance; Al/Ni = 500) activity of the 11b complex is 57 × 103 h−1, selectivities for butenes and 1-butene are 91% and 69%, respectively. Upon transition to the methylaluminoxane (MAO) co-catalyst, the activity increases to 69 × 103 h−1, and the selectivity for butenes/1-butene almost does not change. The use of Et3Al2Cl3 is accompanied by an increase in activity to 206 × 103 h−1, while the selectivity for 1-butene decreases to 12%, which is due to the heating of the reaction media (from 30 to 55–57 °C) because of exothermicity of oligomerization process [45]. Thus, chemical nature of the co-catalyst has a significant effect on the activity of the system due to its Lewis acidity, which is required for the dehalogenation of the complex and the formation of the metal–alkyl bond [46], as well as due to the interaction of aluminum with nickel, which prevents the decomposition of the active site as a result of β-hydride or reductive elimination [47,48].



Nickel(II) complexes bearing imine-thioether ligands were tested in ethylene oligomerization (12, Figure 11) [49].



As a result of the changing of the substituent at the N-atom from tBu to –C6H4–(p-OMe), the activity of complex 12 decreases from 23 × 103 to 4 × 103 h−1. This is due to the stabilization of the complex by this donor group, as a result of which the nitrogen atom is less labile and stronger coordinated to the metal center [49]. Substitution of –C6H4(p-OMe) by Ph leads to higher activity (40 × 103 h−1). This may be due to the fact that the introduction of weak electron-withdrawing substituents causes greater lability of nickel-coordinated groups and, therefore, facilitates the interaction between the metal center and ethylene molecules.



In the case of the presence of tBu at N- and S-atoms (Figure 11), nickel is coordinated to only one ligand and therefore has a coordination number of four (while in other cases it has two ligands and the coordination number of six). This is due to the fact that tBu creates steric hindrances for the coordination of the second ligand, as well as suppress the β-elimination process, as can be concluded from the formation of α-C8–C10-olefins (ca. 4%). After activation, this complex has three-fold less activity compared to the analog, which contains Ph substituents at N- and S-atoms. At the same time, the 1-butene selectivity is slightly higher (93% vs. 89%) [49].





3.2. Nickel Complexes Bearing Tridentate Imine Ligands


Group of W.-H. Sun developed a significant number of pre-catalysts for ethylene dimerization—nickel complexes bearing tridentate N,N,N- and N,N,O-ligands. In these complexes, N- and/or O- atoms, which are coordinated to nickel, are involved in the conjugated system. Ligands can be classified as derivatives of 1,10-phenanthroline, pyridine, and quinoline (Figure 12).



3.2.1. Nickel Complexes Bearing 1,10-Phenanthroline Ligands


As pre-catalysts for ethylene dimerization, nickel complexes bearing tridentate N,N,N-ligands based on 1,10-phenanthroline were considered, for example, complexes based on arylimino-phenanthroline ligands (13, Figure 13a) [50].



Phenyl-ketimine complexes are more active than methyl-ketimine counterparts (13, Figure 13a) [50]. In the case of complex 14, which contains benzimidazole fragment (Figure 13b), more rigid skeleton causes lower activity compared to complex 13—83 × 103 h−1 (30 bar) vs. 131 × 103 h−1 (10 bar), but higher selectivity for 1-butene (91% vs. 36%) [38].



The replacement of nitrogen in the heterocycle by oxygen (15, Figure 13c) does not significantly affect both the activity and selectivity for butenes [51]. As a result of the introduction of Me or tBu substituents to the position 5 of benzoxazole or two Me to the position 4 of oxazoline, the activity decreases by 1.2–1.7 times, which is due to electron donation by alkyl groups to benzoxazole or oxazoline, followed by repulsion of the electron density to the nickel cation, accompanied by a decrease in its positive charge. Complexes with oxazoline fragment have 1.2–1.4 times higher activity compared to analogs with benzoxazole fragment, which is due to additional steric hindrances created by the benzene ring. In addition, oxazoline provides a lower electron-donor effect on the metal center than benzoxazole [51].



In the case of the complexes 8, 14, 15 and 16 (Figure 8b and Figure 13b,c) [38,51], the introduction of Me or Ph substituent (R1) to the alpha-position relative to the N-atom, was accompanied by a decrease in activity, which is due to steric hindrances for ethylene coordination to the metal center.



In [52], nickel(II) complexes bearing 2-pyrazolyl substituted 1,10-phenanthroline ligands were presented (17, Figure 14).



With an increase in the size of the substituent at the position 9 of 1,10-phenanthroline fragment and substituents at the pyrazole ring, the activity increases. For example, when R1 is changed from H to Mes, the activity increases by 3 times, and upon changing of R3 substituent from Me to Ph, the activity increases by ca. 2 times. Aryl groups as substituents can cause the conjugation effect, which stabilizes the insertion transition state and thus increases the activity. Bulkier substituents can suppress chain transfer reactions (β-H-elimination) and thus slightly increase the activity. Thus, in the presence of complexes with R1 = Mes and R2 = R3 = Ph, the greatest amount of hexenes is formed. However, the increase in activity cannot be caused only by an increase in the rate of the trimerization process. It has been suggested that the reason for the increased activity is the creation of reaction channels by bulky aryl groups, which make the coordination of ethylene to the nickel-center more efficient [52].




3.2.2. Nickel Complexes Bearing Pyridine Ligands


As pre-catalysts for ethylene dimerization, analogs of the complexes 13–17 have been proposed, in which 1,10-phenanthroline is replaced by arylimino-pyridine (Figure 15) [53].



These complexes have slightly lower activity and close selectivity for butenes compared to their 1,10-phenanthroline analogs 14 (Figure 13b) [38]. As a result of the introduction of Me substituent into the benzene ring of benzimidazole (18b, Figure 15), the activity increases from 57 × 103 to 100 × 103 h−1 [54]. This is due to an increase in the solubility of the complex with increased ligand size. The introduction of an iPr substituent to the N-atom of benzimidazole (18c) leads to a decrease in activity from 57 × 103 to 43 × 103 h−1 [55]. Upon transition from benzimidazole (18a) to benzoxazole (18d) the activity decreases from 57 × 103 to 13 × 103 with close selectivities for butenes and 1-butene—98% and 94%, respectively [56].



With an increase in the size of the heterocycle from five-membered to a six-membered, upon transition from benzimidazole (18, Figure 15) to quinoxaline (19, Figure 16), the activity decreases from 21 × 103 to 8 × 103 h−1, and the selectivity for butenes increases from 90% to 94% [57].



Naphthyl complex 20, in which benzoxazole is substituted by an amide group (Figure 17a), possesses higher activity compared to the dichloride benzoxazole analog 18d (Figure 15)—22 × 103 vs. 13 × 103 h−1 (Et2AlCl, Al/Ni = 200; 20 °C; 10 bar) [58]. As a result of the changing of benzimidazole to 2,6-dibenzhydryl-4-methylphenyl (21, Figure 17b), the activity decreases, but at the same time, 1-butene selectivity remains as high [59].



The substitution of the aryl-ethylimine fragment at the position 6 of pyridine ring by acetyl and carboethoxyl group (22, Figure 18) leads to a decrease in both activity and selectivity for butenes [37].



The complex with the butylcarboxamide fragment (23, Figure 19) is more active in comparison with benzimidazole analog (18, Figure 15)—298 × 103 vs. 57 × 103 h−1. The selectivity for butenes is 100% and selectivity for 1-butene 92% [60].



For the considered complexes 4, 5, 18–23 (Figure 6, Figure 15, Figure 16, Figure 17, Figure 18 and Figure 19), there are following regularities regarding the influence of steric and electronic properties of substituents at the N-aryl ring:



—with an increase in the size of the substituents at the ortho positions, the activity decreases due to an increase in steric hindrances near the metal center [53,54,55,57,58,59,60]; the exception are complexes 4, 5 (Figure 6) and 18d (Figure 15)—in their case, the activity increases, since bulky substituents protect the active center from impurities [40,41,56];



—in the case of complexes 18a, 19, 20 and 21 (Figure 15, Figure 16 and Figure 17), as a result of the introduction Me at the para position, the activity decreases (also due to an increase in steric hindrances for coordination of ethylene to the nickel) [53,57,58,59]; in the case of complexes 18b–d (Figure 15), the activity increases (due to increased solubility) [54,55,56];



—as a result of the replacement of Me at the ortho positions by an electron-withdrawing substituent—Cl or Br—the activity increases due to an increase in the positive charge on the nickel cation, which facilitates the coordination of ethylene [37,53,56].



Zhang et al. tested Ni(II) complexes ligated by 2,6-pyridinedicarboxamide derivatives as pre-catalysts for ethylene dimerization (24, Figure 20) [61].



Complexes with Cl and F at ortho positions of N-aryl ring possess the lowest activity (39–45) × 103 h−1, but the highest selectivity for 1-butene—76–82%. Bulkier substituents in these complexes promote an increase in activity and prevent isomerization. Thus, upon a sequential transition from R = H to R = iPr, the activity increases from 78 × 103 to 270 × 103 h−1, and the selectivity for 1-butene increases from 67 to 77% [61].



Mukherjee and co-workers developed nickel(II) complexes bearing pyridine-oxime ligands (25, Figure 21), which can be obtained by a relatively simple route by condensation of commercially available pyridine-2-aldehyde and hydroxylamine [62,63].



The complexes remain highly active for a long period of time. Thus, with an increase in the oligomerization time from 45 to 60 min, activity decreases by only 6%. In addition, the complex with R = Me has high thermal stability: the productivity almost unchanged when the reaction temperature risen from 45 to 95 °C during the catalytic test [63].



Ojwach and co-workers presented Ni(II) complexes bearing (amino)pyridine ligands (Figure 22) [64].



The structure of the complexes affects their catalytic properties. Thus, the substitution of OMe-group, bound to the amine N-atom, by the amino group results in activity increase from 61 × 103 to 80 × 103 h−1. The reason is the stronger coordination of oxygen to the nickel, which leads to its competition with the ethylene molecule for a vacant coordination center [64].




3.2.3. Nickel Complexes Bearing Quinoline Ligands


Sun and co-workers proposed an analog of complexes 18, in which quinoline is used instead of pyridine (28, Figure 23a) [65,66].



As a result of the replacement of Me at the N-atom of the amino group by benzylidene (29, Figure 23b), the activity decreases by 2.5 times [66].



NiII complexes bearing N,N,O-ligands (30, Figure 24) were presented in [67].



Complexes 30 have greater thermal stability compared to typical imine systems: when the oligomerization temperature is elevated from 20 to 60 °C, the activity increases from 5 × 103 to 153 × 103 h−1. With a further elevation of temperature to 80 °C activity decreases to 2 × 103 h−1. In addition, for these systems, the activity of chloride complexes is greater than bromide counterparts. This is explained by similar solubility of chloride and bromide complexes and the determining influence on the activity of the net charge of the complex (activity increases with the increased net charge) [67].



Pyridine-quinoline-imine ligands were synthesized, which are the analogs of arylimino-phenanthroline N,N,N-ligands (13, Figure 13a), also possessing a conjugated electronic system and similar coordination environment [34]. Based on these ligands, complexes 32 were obtained (Figure 25b).



These complexes are less active compared to the arylimino-phenanthroline analogs 31 (13). Electron-donors as the R2-substituent have a negative effect on catalytic properties: the most active—(147–169) × 103 h−1—are complexes containing a hydrogen atom as R2. With an increase in the electron-donor properties of R2 (in transition from H to Me and Ph), the activity decreases. The introduction of Me at R1 and R3 positions results in activity reduction by 2–6 times. This is due to the blocking of the active sites of the catalyst by bulky substituents. With sequential changing of R1 substituent from Me to iPr, tBu, and Cy, the activity increases, probably due to the protection of the active sites from decomposition by bulky substituents [34].



Analogs of the above mentioned complexes 32 with a phenolate fragment instead of pyridine (33, Figure 26) are less active [68]. This is probably due to greater interaction of the metal center with oxygen compared to nitrogen.



Me substituent at the quinoline fragment stabilizes the active sites from the impact of impurities and thereby causes an increase in activity from 4 × 103 to (10–11) × 103 h−1. Another reason for the increased activity with the Me introduction is an increase in solubility of complexes [68].




3.2.4. Nickel Complexes Bearing Pyrrole- and Imidazole-Imine Ligands


Casagrande and co-workers developed various pre-catalysts for ethylene dimerization based on nickel complexes bearing ligands containing an imino group bonded to pyrrole [69], furan [45] or phenyl [49]. Thus, in [69] nickel complexes bearing pyrrole-imine ligands with pendant O- and S-donor groups were studied (34a–f, Figure 27). These groups are coordinated to nickel and thereby stabilize the active site.



The most active in oligomerization (71 × 103 h−1) is the complex 34e with a rigid ligand skeleton and a soft donor group S–Ph [69].



Olivier-Bourbigou et al. synthesized an analog of the 34 complexes (35, Figure 28) [70].



The complex 35 is more active compared to 34—37 × 103 vs. 6 × 103 h−1, with a longer oligomerization cycle—50 min vs. 20 min [70].




3.2.5. β-Ketoimine Nickel(II) Complexes


Wang and co-workers developed highly effective pre-catalysts for ethylene dimerization—nickel(II) complexes with β-ketoimine ligands (36a–o, Figure 29) [71].



The highest activity (TOF = 3339 × 103 h−1) is observed for the complex 36l with a phenoxy substituent and PPh3, which is coordinated to nickel. However, the selectivity of this complex for 1-butene is low, 13% [71].



With an increase in the size of the substituent at the sulfur atom, the oligomerization activity increases. Thus, replacement of Me (36a) by tBu (36d) leads to increase both in activity (from 657 × 103 to 1121 × 103 h−1) and selectivity for butenes (from 96% to >99%), but the selectivity for 1-butene almost unchanged (81% vs. 82%, respectively). The introduction of the electron-withdrawing CF3 group (36h) as a substituent at the C-imine atom, results in the reduction of activity to 125 × 103 h−1.



As a result of the replacement of sulfur atom (36a) by the nitrogen one (36i) in substituent X activity decreases to 325 × 103 h−1, selectivity for butenes rises to >99% and selectivity for 1-butene—to 87%.



As a result of the replacement of the –CH2–CH2– bridge between the nitrogen and sulfur atoms by a phenylene one and, accordingly, the formation of a rigid skeleton, as well as due to the coordination of PPh3 to nitrogen, the activity of the resulting complex 36m with the -S-(2,6-diMe)C6H3 moiety increases to 3014 × 103 h−1, but the selectivity for 1-butene decreases to 10%. Upon the transition from (2,6-diMe)C6H3 (36m) to Ph (36n) at the S-atom, the activity decreases to 1671 × 103 h−1 [71].






4. Nickel Complexes Bearing Pyrazolyl Ligands


Due to the σ-donor ability of the nitrogen atom and the ability to fine-tune its electronic properties by selecting substituents, pyrazole is increasingly used to obtain transition metal complexes that are catalytically active in C–C bonding processes [72,73,74]. For example, Casagrande and co-workers developed various nickel complexes bearing pyrazolyl-based ligands. In [75] the nickel(II) complexes with bidentate phenoxy-pyrazolyl ligands were tested in the ethylene oligomerization process (37, Figure 30).



The complex, which has no substituents at the pyrazole ring, is the least active (TOF = 18 × 103 h−1) due to the least donating ability of the pyrazole fragment. The highest activity (46 × 103 h−1) is observed for the complex with Me at the positions 3 and 5 of pyrazole. Bulkier substituents (Ph, tBu) cause less activity due to the steric hindrances for the ethylene insertion. Active sites of oligomerization have a short lifetime: in the period from 10 to 20 min, the activity decreases by 1.7 times, while the selectivity for butenes almost unchanged—92% vs. 91%, respectively [75].



As the dimerization pre-catalysts, the NiII bis-chelate complexes bearing bidentate N,Se-ligands have also been proposed (38, Figure 31) [76].



With an increase in the size of the chelate ring from five to six, the activity decreases from 23 × 103 to 10 × 103 h−1, it indicates the formation of a more rigid and stable structure of the active site in the case of the five-membered chelate ring. As a result of the introduction of electron-withdrawing (Cl) and donor (OMe) substituent at the para position of the benzene ring, the activity decreases to 19 × 103 and 15 × 103 h−1, respectively. At the same time, selectivity for 1-butene remains almost unchanged (92–94%) [76].



The same research group developed nickel(II) complexes with nitrogen-, oxygen-, or sulfur-bridged bis(pyrazolyl) ligands. For example, NiII complexes with N,Z,N-ligands (Z = N, O, or S), that form two six-membered chelating rings, were studied (39, Figure 32) as pre-catalysts for ethylene oligomerization [77].



The complex with a sulfur bridge possesses the highest activity (57 × 103 h−1) and the lowest selectivity for 1-butene (72%). As a result of PPh3 addition (1 equivalent), the activity increases from 7 × 103 to 113 × 103 h−1, selectivity for butenes remains unchanged (99%), and selectivity for 1-butene decreases from 88% to 16%. The increased activity may be due to a stabilization of active sites by PPh3, and the decrease in selectivity for 1-butene is due to blocking of ethylene coordination and the preferred 1-butene isomerization instead of β-elimination [77,78].



In [78,79] the analogs of complexes 39 with two five-membered chelate rings were presented (40, Figure 33).



The most active is the complex with a sulfur-bridge and Me at positions 3 and 5 of pyrazole rings: the activity is 105 × 103 h−1, the selectivity for butenes is 98%, including 72%—for 1-butene. Changing of Me by a bulkier Ph leads to a decrease in activity to 19 × 103 h−1. At the same time, substituents at the pyrazole ring and a bridging donor atom do not significantly affect selectivity for butenes [78,79].



Thus, complex 40 with a five-membered chelate ring (Figure 33) has ca. 2 times higher activity in ethylene dimerization compared to analog (39) with a six-membered ring (Figure 32) due to a greater stability of active sites [77,78,79].



The analogs of complex 40 immobilized on the surface of silica gel were synthesized by Tuskaev et al. [80]. As a result of interaction between silica gel grafted aminopropyl groups and 1-hydroxymethylpyrazole, surface bis(pyrazolyl)amine ligands were formed, to which nickel dibromide was subsequently coordinated (41, Figure 34).



The immobilized catalytic system possesses higher oligomerization activity in comparison with the homogeneous system (42, Figure 34b). At the same time, the selectivity for 1-butene increases from 30 to 60–70%. The differences in the catalytic properties are due to the different coordination environment of the metal center. In the case of a homogeneous complex, nickel has an orthorhombic environment created by bromine atoms and three nitrogen atoms of the ligand. In the case of the immobilized complex, the coordination of the nickel atom is close to octahedral [80].



The substitution of one of the pyrazole rings by O- or S-donor group leads to an increase in activity. Thus, complex 43 (Figure 35a) with a phenoxy group is more active as compared to bis(pyrazolyl) complex 39 (Z = O, R1 = R2 = Me; Figure 32)—36 × 103 vs. 7 × 103 [77]. The introduction of iPr at the ortho position of Z-aryl ring leads to a decrease in activity (44, Figure 35b) [81].



Complex 45, which has sulfur as the heteroatom (Figure 35c), is less active than the oxygen-containing counterpart 43 (Figure 35a) but is more selective for 1-butene [81].



Based on the analysis of the results obtained by Casagrande and co-workers [69,79], it was concluded that the soft donor atom in the tridentate pyrazolyl ligand stabilizes the active sites of ethylene dimerization. Therefore, complexes 46 with selenium-containing ligands were synthesized (Figure 35d) [82]. The introduction of Me at the positions 3 and 5 of the pyrazole ring causes an increase in activity from 4 × 103 to 24 × 103 h−1. This is due to an increase in the electron-donor ability of pyrazole fragment, which leads to greater stabilization of the active sites. The introduction of OMe or Cl at the para position of the Se-aryl ring does not affect the activity and selectivity for butenes. This phenomenon is due to a weak interaction of Ni with Se. Hemilability of the aryselenyl moiety facilitates the coordination of ethylene to the metal center [82].



Ojwach et al. developed an analog of bis(pyrazolyl) complexes 40 (Figure 33)—NiII complex bearing bis(pyrazolyl)pyridine ligand (47, Figure 36) [83].



Complexes 48 with a bidentate ligand and one five-membered chelate ring (Figure 37) are more active than complex 47, which may be due to the higher electrophilicity of the bidentate ligand caused by the presence of bromide at the pyridine ring. Also, in these complexes, the Ni center is less shielded by a ligand [83].



The substitution of bromide at the position 6 of the pyridine ring by phosphinoyl is followed by the appearance of additional coordination of oxygen to nickel (49, Figure 38), which results in the activity reduction, and in the increased butenes and 1-butene selectivities [84].



With an increase in the size of a substituent at pyrazole ring—upon transition from Me to Ph (Figure 38)—the activity decreases from 13 × 103 to 10 × 103 h−1 [84]. A similar pattern was observed in [79]; it may be due to the fact that a bulkier ligand prevents the coordination of ethylene to the metal center.



Casagrande and co-workers developed highly-selective for 1-butene catalytic systems based on pyrazolyl-phosphinoyl nickel(II) complexes (50, Figure 39) [85].



In [86] bis(pyrazolyl)methane nickel(II) complex was studied as pre-catalysts for ethylene dimerization (51, Figure 40).



Jiang and co-workers synthesized nickel(II) complexes with silicon- and phosphorus-bridged bis(pyrazolyl) ligands (52 and 53, Figure 41) [87].



Complex 52 with a dimethylsilane ligand is more active than complex 53 with a phenylphosphine ligand at close selectivities for butenes and 1-butene. Higher activity of complex 52 is due to the fact that two Me at the silicon atom, being stronger electron donors in comparison with Ph, stabilize catalytically active cationic particles or facilitate their formation. Another reason for the higher activity of 52 compared to 53 is the larger atomic radius of silicon and its lower electronegativity compared to phosphorus, as a result of which the “bite angle” of the dimethylsilane ligand promotes the formation of an optimal electronic and coordination state of the Ni-center [87].



Tuskaev et al. developed NiII complexes bearing heteroscorpionate ligands (54, Figure 42) [88].



The introduction of tBu at position 4 of pyrazole ring (54c) is accompanied by a decrease in activity from 12 × 103 to 10 × 103 h−1 due to an increase in the electron density at the metal center. The introduction of an electron-withdrawing Br-substituent (54d) at this position leads to an increase in selectivity for 1-butene from 16% to 60%. Activity increases by 1.5–4.3 times after addition to a catalytic system of 1 equivalent of PPh3. It is assumed that this is due to the reversible coordination of PPh3 to the Ni-center, which prevents the rearrangement of the complexes into thermodynamically more stable but catalytically inactive L2NiII structures [88].



Casagrande et al. investigated zwitterionic complexes of the NiCl3L type with pyrazolyl-ether-imidazolium ligands (55, Figure 43) [89].



The nickel center in these complexes is four-coordinated with distorted tetrahedral geometry. The positive charge of the imidazole fragment is neutralized by the negative charge of the third chloride ion bound to NiII. With the introduction of Me at position 2 of the imidazole fragment, the activity increases from (2–3) × 103 to (6–8) × 103 h−1. Lower activity in the case of unsubstituted imidazole fragment may be due to the reaction of hydrogen in position 2 with MAO. Variation of steric hindrance at the pyrazole ring has little influence on the distribution of products, in which 94–98% are butenes [89].



In [90], it was proposed to use cationic methallyl nickel complexes bearing imidoyl-indazole ligands in ethylene dimerization (56, Figure 44).



These complexes, after activation by B(C6F5)3 (5 equivalents), have the activity of 0.02–0.04 h−1, and the selectivity for 1-butene/2-butene varies from 50/50% to 0/100% (20 °C, 1 bar, solvent—CH3Cl). The electron-withdrawing methoxycarbonyl group in the indazole ring (complex 56a) causes the formation of an electron-deficient metal center, which is active in ethylene oligomerization. The complexes are air-resistant: after 48 h of air exposure, they exhibit similar activity. In the case of a catalytic system based on 56b complex, with an increase in ethylene pressure to 12 bar, its activity increases to 14 × 103 h−1, the product is a low molecular weight polyethylene, in which 85% of the total branches are methyl [90].




5. Nickel Complexes Bearing Hybrid Phosphorus and Nitrogen Containing Ligands


Hybrid ligands, due to the combination of hard and soft electron-donors—nitrogen and phosphorus, respectively, have unique properties. Thus, due to the π-acceptor properties of the phosphorus atom, hybrid ligands can stabilize the metal in low oxidation states, and the σ-donor properties of the nitrogen atom cause greater susceptibility of the metal center to oxidative addition reactions. Therefore, these ligands can stabilize various oxidation states and the coordination geometry of the metal center during the catalytic cycle [91]. In addition, the weak interaction of the nitrogen atom with the metal center determines the hemilability of the hybrid ligand, which favors the stabilization of the active sites [92]. Varying the electronic and geometric configurations of nitrogen and phosphorus atoms in hybrid ligands provide great potential for fine tuning the catalytic properties of complexes based on them.



5.1. Nickel(II) Complexes Bearing Phosphine and Phosphinite Ligands


Group of C.J. Kamer investigated the dependence of the catalytic properties of pyridine-phosphine nickel complexes on the “bite angle” of the ligand, which is determined by the chemical nature of the fragment connecting pyridine and phosphine moieties (57, Figure 45) [93].



For these complexes, the “bite angle” is correlated with oligomerization activity—with an increase in this parameter from 87.2° (57a) to 101.8° (57c), the activity increases from 30 × 103 to 85 × 103 h−1. The 1-butene concentration decreases from 29% to 11%, which indicates the increased isomerization activity of the complexes with expanding “bite angle”. In [94,95] it was showed that a small “bite angle” prevents the migratory insertion of ethylene. However, for the complexes 57d and 57e, these patterns are not observed, which indicates the influence of additional factors—steric and electronic properties of the complex, flexibility of the ligand. For example, complex 57d has a “bite angle” close to that for complex 57b (Figure 45), but its activity is 3 times higher. This is due to the structure of complex 57d, which is flatter and more rigid [93].



The same group of authors also investigated the effect of the substituents at the phosphorus atom on the catalytic properties of pyridine-phosphine nickel(II) complexes (58, Figure 46) [96].



In transition from Ph to 2-tolyl and Mes substituents at the phosphorus atom, the activity decreases from 70 × 103 to (14–16) × 103 h−1 (MAO, Al/Ni = 200–230; 30 °C; 10 bar) [96,97]. However, the presence of bulkier substituents (2-tolyl, 2-anisyl, Mes) compared to Ph cause an increase in selectivity for 1-butene (from 18 to 46–90%). At the same time, with the transition from 2-tolyl to bulkier 2-anisyl and Mes, selectivity for butenes increases from 78% to 93–95%. This phenomenon can be explained by the fact that a branched alkyl chain, which formed after isomerization, requires more space around the metal center as compared to a linear chain. The presence of bulky substituents at phosphorus atom prevents the formation of bulky branched alkyl, but this also leads to lower activity of complexes with Mes. Higher activity (65 × 103 h−1) of the complex with a 2-anisyl substituent may be due to the coordination of the methoxy group to the nickel center [96].



The analogs of the above-considered pyridine-phosphine NiII complexes, which have an aromatic substituent at the position 6 of pyridine ring, were synthesized and studied (59a–d, Figure 47) [98].



The introduction of the aromatic substituent into the position 6 of pyridine ring results in the activity reduction from 70 × 103 to (3–11) × 103 h−1 and in the rise of butenes and 1-butene selectivities—from 86 to 93–97% and from 18% to 82–93%, respectively [93,98]. In general, activity increases with the transition to a bulkier substituent—from 3 × 103 (Ph) to 11 × 103 h−1 (anthracyl). This may be due to a destabilization of the ground state as a result of the interaction of these substituents with nickel. The observed phenomenon indicates that the active species adopt a different conformation in the presence of an aromatic substituent at the position 6 of the pyridine ring. After the activation by MAO, a cationic complex is formed with a square-planar geometry around the nickel center. This leads to a greater influence of the substituents on the metal center [98].



The insertion of the oxygen atom into the P–CH2 bond, which is accompanied by a change in the electronic and coordination state of the phosphorus atom, leads to slightly higher activity and selectivity for butenes of the resulting pyridine-phosphinite complex 61 (Figure 48) [97].



Replacement of two Ph (61) at the phosphorus atom by more electron-donating substituent tBu (62) does not lead to a change in activity, but at the same time selectivity for alpha-olefins increases, and the distribution of oligomers shifts from dimers to trimers. This is due to the predominance of 1-butene reinsertion over its isomerization. In the case of complex 62, the main isomer among the C6-oligomers is 2-ethyl-1-butene (75% of ∑C6H12)—the product of 1-butene reinsertion. In the case of complex 61, 68% of hexenes are the products of the reaction between ethylene and 2-butene (Figure 49) [97,99].



In the phosphine complex, replacement of pyridine by less basic oxazoline (63) or thiazoline (64) leads to an increase in activity at a close oligomer ratio, which follows the Schulz–Flory distribution (Figure 50) [100].



Upon transition from N,P- to symmetric N,P,N-ligands, the activity decreases from 64 × 103 to 56×103 h−1 in the case of pyridine-phosphine complex 65, and from 59 × 103 to 50 × 103 h−1 in the case of pyridine-phosphinite complex 66 (Figure 51) [97,101].



Dyer and co-workers tested in ethylene oligomerization the NiII complexes with N-phosphino guanidine ligands (67, Figure 52) [102].



The complex with a diphenylamino substituents having the lowest σ-donor ability of the phosphorus atom possesses the lowest activity (2 × 103 h−1) and selectivity for butenes (55%). On the contrary, the complex with diisopropylamine substituents and phosphorus atom with greater Lewis basicity possesses both the highest activity (5 × 103 h−1) and selectivity for butenes (85%) [102].



De Souza et al. developed NiII complexes bearing 2-pyridylphosphole derivatives (68, Figure 53), and tested them in ethylene oligomerization [103].



Changing of Ph at the phosphorus atom to bulkier Cy does not significantly affect the activity (8 × 103 and 7 × 103 h−1, respectively, for complexes with R1 = Ph; and 12 × 103 h−1 for both complexes, with R1 = 2-thienyl), but leads to an increase in the yield of C6+ oligomers (by 7–8%). An increase in steric hindrances at the phosphorus atom, in combination with steric hindrances created by pyridyl fragment, causes a decrease in the rate of β-elimination of 1-butene, which is favorable for chain growth by insertion of ethylene molecules through the Ni–C bond [103]. A similar phenomenon of suppression of the elimination process was observed for ethylene polymerization on nickel diimine complexes with bulky substituents at nitrogen atoms [17].



The introduction of a substituent with a higher electron-donor ability (2-thienyl instead of Ph) at the alpha-position of the phosphole fragment, causes an increase in the activity of complexes from (7–8) × 103 to 12 × 103 h−1 and in the selectivity for butenes from 71–79% to 82–89%.



For the complexes under consideration, an increase in the oligomerization pressure from 1 to 41 bar is accompanied by an increase in selectivity for 1-butene from 1% to 73–80% with an almost constant selectivity for butenes (89–97%). A probable reason is the predominance of the chain transfer to ethylene over the isomerization of nickel bonded butyl at increased ethylene pressure (Figure 54) [103].




5.2. Nickel Complexes with Phosphinito-Imine Ligands


Campora and co-workers synthesized and studied NiII complexes with phosphinito-imine ligands (69, Figure 55) [104].



An oxygen atom was introduced between the nitrogen and phosphorus atoms to prevent the enolization process (Figure 56), which causes low stability of the complex [105].



The activity and selectivity for butene of complex 69 are significantly affected by the substituents at the phosphorus atom and is almost independent of the substituent at the carbon atom of the imine moiety (Figure 55). Thus, in the transition from two iPr to two tBu at the phosphorus atom, the activity decreases from 78 × 103 to 10 × 103 h−1, and the selectivity for butenes increases from 80% to 90%. The complex with Me at the carbon atom of the imine moiety has the activity close to that of the complex with tBu—78 × 103 and 74 × 103 h−1, respectively [104].




5.3. Nickel Complexes with Phosphinoiminophosphorane Ligands


Le Floch and co-workers developed nickel(II) complexes with phosphinoiminophosphorane ligands (70–72, Figure 57) [106].



With the transition from five-membered to six-membered complexes, selectivity for 1-butene decreases from 77–86% to 55–68%. A rigid six-membered chelate ring with phenylene between phosphorus atoms (71) causes two times higher activity (97 × 103 vs. 45 × 103 h−1) compared to a flexible five-membered chelate ring with a methylene bridge between phosphorus atoms (70). However, the selectivity for 1-butene of complex 71 is less than that of complex 70 (68% vs. 83%). In the case of a flexible six-membered chelate ring (with a –CH2–CH2– bridge between phosphorus atoms), lower activity is observed compared to a rigid chelate ring—44 × 103 h−1. In the transition from iPr to a bulkier tBu at the nitrogen atom, the activity decreases significantly—from 107 × 103 to 21 × 103 h−1 [106].



Mono- and bimetallic complexes with iminophosphorane-phenoxide ligands (73–76, Figure 58) were presented by Auffrant et al. [107].



The formation of oligomers with a carbon number of more than 6 was not observed during ethylene oligomerization. The highest selectivity for 1-butene has nickel-lithium and nickel-aluminum bimetallic systems—74a–c (73–83%) and 75a–c (82–94%), respectively, and the lowest—monometallic ones 76a–c (42–56%) [107]. The presented systems are comparable in activity with activated phenyl ether-pyrazolyl complexes 37 (Figure 30) but have a longer lifetime—60 vs. 20 min [75,107].



In a series of nickel-potassium bimetallic complexes (73a–c, Figure 58), the system with Ph at the nitrogen atom is more active than with tBu, which is due to its lower electron-donor ability and, accordingly, lower electron density at nitrogen atom and a lower degree of ligand coordination to the nickel [107].



Heinicke and co-workers developed a number of phosphino-amino acids, which is used as ligands of SHOP-type catalytic systems [108,109,110]. For example, α-diphenylphosphino-N-(pyrazin-2-yl)glycine (77, Figure 59) in composition with Ni(COD)2, where COD—1,5-cyclooctadiene, oligomerizes ethylene mainly to 1-butene (24–46%) and to 1-hexene (14–26%) [111].





6. Diphosphine Nickel Complexes


Recently, diphosphine ligands gained considerable attention due to the high ability of these compounds to coordinate with metal atoms. For example, in the case of bis(phosphanyl)amine ligands with PNP structure, varying the P–N–P angle and electron-donor properties of phosphorus atoms by introducing different substituents creates vast possibilities for fine tuning the complex characteristics to optimal for ethylene oligomerization [112]. This is confirmed by a large number of effective catalytic systems for ethylene trimerization based on chromium complexes with P,N,P-ligands developed over the past decade [113]. However, there is also a number of works describing the synthesis of nickel complexes with P,N,P-ligands and their application as pre-catalyst for ethylene oligomerization.



6.1. Nickel(II) Complexes with N- and Si-Bridged Diphosphine Ligands


Wu and co-workers studied the effect of nitrogen functionalization in the symmetrical P,N,P-ligand by introducing different electron-donor groups (78, Figure 60) [114]. It was found out that the Lewis base group favors ethylene insertion as it can be concluded from increased activity of complexes with more basic N-functionalized ligands (from 10 × 103 to 13 × 103 h−1 in order of benzyl- < furfuryl- < thiophene-2-methyl- < 2-picolyl-substituted ligands). The effect of the substituent at nitrogen atoms on the catalytic properties of complexes is caused by their coordination to the activated nickel center.



Nickel(II) complexes bearing bis(diphenylphosphino)(N-thioether)amine ligands (79–82, Figure 61) were studied by Braunstein et al. [115]. Both complexes, with a four- and five-membered chelate ring, have square-planar geometry around the nickel center.



Using DFT calculations it was confirmed that the presence of sulfur bound to the phosphorus atom decreases thermodynamic stability of nickel complexes due to decreased electron-donor properties of P=S moiety, despite the fact that five-membered chelates are usually more stable than four-membered ones. Nevertheless, the insertion of sulfur in the chelate ring significantly influences the catalytic properties of the NiII complexes in the ethylene oligomerization process. Thus, the complex 82 displays 1.8–3.3 times lower activity compared to 81, but higher selectivity for butenes (82–87% vs. 58–69%). The opposite result is obtained using N-(CH2)3SMe substituted ligands: in the transition from complex 79 to 80, the activity increases 1.2–1.3 times, and the selectivity for butenes decreases from 70–71% to 66–71% [115].



Jiang and co-workers studied NiII complexes with Si-bridged diphosphine ligands (83–85, Figure 62) in ethylene oligomerization [116].



Complex 83, being the analog of bis(phosphanyl)amine complex 78 (Figure 60), exhibits relatively close activity compared to the latter, but only under conditions of 20 times increased pressure (10 bar vs. 0.5 bar) and higher Al/Ni ratio (700 and 400 equivalents, respectively). However, 83 is more selective for butenes (98% vs. 77%), but less selective for 1-butene—26% vs. 49%. Complex 83 is more thermally stable: its activity increases from 10 × 103 to 45 × 103 h−1 with an elevation of the reaction temperature from 30 °C to 75 °C (however, the selectivity for butenes decreases from 98% to 85%). In the case of the complex 78, the elevation of the reaction temperature to 50 °C leads to a shift from oligomerization towards toluene alkylation by ethylene and obtained oligomers. Chelate ring expansion from four-membered 83 to five-membered 84 increases the activity; however, the further increase in the ring size to a six-membered 85 decreases the activity [116].



In [117] nickel(II) complexes bearing silicon-bridged diphosphine amine ligands were presented (86, Figure 63).



The complex with the bulkiest substituent (DiPP) at the N-atom possesses the highest selectivity for 1-butene (88%) and the lowest activity (73 × 103 h−1) [117]. For this complex, the elevation of the reaction temperature from 30 to 75 °C is accompanied by a reduction of the selectivity for 1-butene, its content in C4-fraction decreases from 88% to 63%. A similar pattern of a decrease in alpha-olefin selectivity with an elevation of oligomerization temperature was observed in [118].



Until recently, the development of nickel complexes with asymmetric P,N,P-ligands has been limited by the lack of methods for their synthesis. Olivier-Bourbigou and co-workers proposed a new method for the synthesis of complexes with non-symmetrical diphosphinoamine ligands using sulfonamide moieties [R1SO2–N=P(R2)2–P(R3)2] (87, Figure 64) [119].



The advantage of using a sulfonyl group appears in the stabilization of reagents, which allowed the synthesis of a variety of homo- and hetero-substituted nickel complexes including ones with basic phosphines. Nickel complexes have a square-planar geometry with a constrained cis-coordination of the ligand. P-alkyl substituted complexes displayed 5–6 times higher activity than the complex with a ligand containing two P(Ph)2 groups. Beside butenes, 7–19% of hexenes are formed in the process of ethylene oligomerization. In C6-fraction, methylpentenes are the predominant isomers, which are likely formed as a result of co-dimerisation reactions between ethylene and butenes. The analysis of products after 12 min and 60 min of the oligomerization process showed that the co-dimerization proceeds parallel to oligomerization from the start of the reaction. Compared to the analogs 79–82, complexes 87 showed close activity and selectivity for butenes, but higher selectivity for 1-butene [119].



Compared to 86, the complexes bearing ethylene-bridged diphosphine ligands 88 and 89 (Figure 65) possess much lower activity—(4–11) × 103 h−1, and close selectivity for butenes (79–93%) [119].




6.2. Nickel(II) Complexes with Xantphos-Type Ligands


Xanthene-based ligands gained great interest due to their rigid backbone and the exceptionally large bite angle which are the important parameters for the metal stabilization and preparation of highly active homogeneous catalysts [95,120].



Le Floch and co-workers synthesized NiII complexes with phosphole- and phosphine-xanthene ligands (90 and 91, respectively, Figure 66) [121].



The complex 90 with bis(phosphole) ligand is more active than the bis(phosphine) complex 91, while the latter possesses catalytic properties very close to a dimethoxyethane (DME) NiII complex [NiBr2(DME)]. This fact indicates that the ligand decoordination may occur during the oligomerization process [121].




6.3. Nickel Complexes with Supramolecular Diphosphine Ligands


Olivier-Bourbigou et al. synthesized self-assembled nickel complexes based on sulfonamido-phosphorus and aminophosphine ligands (92, Figure 67) [122].



A hydrogen bond between the N,S,O-center of the sulfonamido-phosphorus ligand and the NH-group of the aminophosphine ligand enhances the stability of complex 92 during ethylene dimerization reactions. Notably, these complexes catalyze ethylene dimerization even in the absence of any additional activator [122].



The same research group also proposed new self-assembled π-allylic nickel complexes bearing secondary phosphine oxide ligands (93, Figure 68) [123].



Nickel has square-planar coordination in these complexes. The addition of Lewis acid B(C6F5)3 leads to a formation of the zwitterionic dissymmetric borate adduct (Figure 69), which is active in the ethylene oligomerization.



The determining effect of the electron-withdrawing substituents at phosphorus atoms on oligomerization activity of complex 93 is confirmed by the fact that complexes with benzyl, methoxyphenyl and hexyl substituents are much less active in ethylene oligomerization, compared to the more active complex with trifluoromethylphenyl substituents. An increase in steric hindrance at phosphorus atoms by the introduction of Me substituent at the ortho position of the phenyl ring leads to a drastic reduction of the butenes yield from 56% to 15% along with an increased C8+-oligomers content from 19% to 79% in the reaction products [123].



Lutz and co-workers proposed NiII complexes with distally diphosphinated calix[4]arenes as ethylene oligomerization pre-catalysts (94, Figure 70) [124].



Compared to 94a, the complex 94b exhibits higher activity in ethylene dimerization. Better catalytic performance of 94b is explained by steric reasons: MAO possibly interacts with the calixarene-bonded bromides of 94a, forming very bulky substituents at calixarene which cause steric hindrances near the metal center, and thus reduces its activity. It was suggested that during the oligomerization process a permanent and fast fanning motion of P–Ni–P plane from one side of the complex to the other is observed. Such motion of the P–Ni–P plane results in a permanent variation of the ligand “bite angle”. Expanding of the ligand “bite angle” possibly lowers the activation barrier of the reductive elimination step in the ethylene dimerization process [124].





7. Nickel Complexes with N-Heterocyclic Carbene Ligands


Owing to the strong binding to metals and, therefore, forming more stable complexes, compared to phosphine analogs, N-heterocyclic carbenes (NHC) (Figure 71) emerged as promising ligands for nickel-based olefin oligomerization/polymerization pre-catalysts [125,126,127,128].



At the same time, NHC ligated nickel complexes with alkyl, aryl, and acyl substituents at the nitrogen atoms possess relatively low activity in ethylene oligomerization. For example, salicylaldiminato Ni(II) complex bearing N-heterocyclic carbene ligand (95, Figure 72) exhibits the activity of 8 × 103 h−1 in the ethylene dimerization process (MMAO, Al/Ni = 500; 60 °C; 7 bar; 60 min) [129].



It was assumed that such low activity is caused by the active site decomposition according to the reductive elimination mechanism (Figure 73) [126,130].



In this respect, Braunstein and co-workers developed new NHC ligands N-substituted by ether or thioether groups (96, Figure 74), which could reversibly coordinate to nickel atoms and thus, increase the stability of active sites against decomposition [131].



According to the catalytic tests, the introduction of the ether group to the nitrogen atom doesn’t affect positively the oligomerization activity of complex 96. The activity of the complex containing ether-functionalized NHC ligand (R1 = DiPP, R2 = Me, Z = O, X = Br) is close to that of alkyl functionalized NHC complex with the same length of alkyl chain (R1 = DiPP, R2 = Me, Z = CH2, X = Br)—27 × 103 and 28 × 103 h−1, respectively. Moreover, it was observed that the decrease in steric hindrance on the N-substituent—in the transition from DiPP to nBu—leads to increased activity of the dichlorido- and dibromido-complexes. However, in the case of the diiodido-complexes, the opposite effect is observed. A decreased activity of the complex with the OPh substituent compared to that with the OMe moiety was also reported, which could be attributed to the increased steric bulk of OPh-functionalized ligand [131].



With an increase in the length of the alkyl bridge between nitrogen and oxygen atoms from two to three (97, Figure 75a) the activity decreases from 10 × 103 to 7 × 103 h−1 [132].



Replacement of the ether group by amine group (98, Figure 75b) leads to ca. 4-fold increase in oligomerization activity, which is due to the stabilization of the active sites by additional coordination of amine to Ni-center [132].




8. Bi- and Multinuclear Nickel Complexes


Braunstein and co-workers proposed binuclear nickel complexes with bidentate oxazoline alcohol and pyridine alcohol N,O-ligands as pre-catalysts for ethylene oligomerization (99–102, Figure 76) [133,134].



These complexes have octahedral coordination geometry around the nickel center. In the case of complexes with ligands bearing gem-dimethyl substituents at α position to OH-group, the oxazoline alcohol containing complex 99 exhibits higher activity compared to the pyridine alcohol complex 100 with a more basic nitrogen atom (16 × 103 vs. 5 × 103 h−1, oligomerization in toluene). Both compounds have close selectivity for butenes—88% and 87%, respectively. In the case of unsubstituted complexes 101 and 102, and when using a more polar solvent—a mixture of 10 mL of chlorobenzene and 2 mL of toluene—the same activity is observed for the oxazoline and pyridine systems—(36–37) × 103 h−1 [134].



Swarts and Mapolie investigated binuclear chloro-bridged nickel(II) N-alkyl dipyridylaldiminato complexes (103a–e, Figure 77) [135].



The authors report that the effect of the N-alkyl substituents on catalytic activity is insignificant. At the same time, the introduction of Me groups at the ortho position of the pyridyl fragment (103e) leads to a decrease in activity from 21 × 103 to 18 × 103 h−1 due to increased steric hindrances. For complexes 103a–d the major butene isomer formed during oligomerization is 2-butene (64–78%). In the case of complex 103e, the main product is 1-butene (98%). The increased selectivity for 1-butene is attributed to the presence of o-Me groups which retard the 1-butene isomerization by increasing steric pressure within the nickel coordination sphere. As a result, the olefin orients in the plane of the metal center before the elimination, which leads to destabilization of active center and decrease in the propensity toward isomerization [135].



Hey-Hawkins et al. developed a method for the synthesis of novel nickel bisamido complex 104 (Figure 78) and investigated the catalytic activity of this compound in ethylene oligomerization [136].



The activated complex 104 exhibits the highest activity in dichloromethane (TOF = 79 × 103 h−1) and produces a mixture of ethylene dimers (54%) and trimers (46%) [136].



Sun and co-workers synthesized new bi- and tetranuclear NiII complexes. In [137] the preparation of unsymmetric binuclear NiII complexes ligated by 2-methyl-2,4-bis(6-iminopyridin-2-yl)-1H-1,5-benzodiazepines was reported (105, Figure 79).



According to X-ray diffraction data, complex 105 is not symmetrical due to the action of the diazepine ring and the binding chloride. Different substituents at the imino-N-aryl ring influence the catalytic properties of the obtained complexes. It was found that sterically bulkier 2,6-dialkyl substituents reduce the catalytic activity and selectivity for 1-butene. The highest activity (TOF = 33 × 103 h−1) was observed for the complex with Et substituents at ortho positions of the aryl ring [137].



The synthesis of tetranuclear NiII complexes with N-(pyridin-2-yl)picolinamide derivatives (106, Figure 80) was reported in [138]. The tetranickel cluster, in this case, can be described as a dimer of two binuclear complexes bridged via μ3-OMe and μ2-Br fragments.



The authors reported that the introduction of the electron-withdrawing substituents such as bromide, chloride and CF3 at the N-imino pyridine ring lowers the oligomerization activity of complex 106 from 96 × 103 to (58–70) × 103 h−1. Moreover, the elevation of oligomerization temperature from 20 to 60 °C also decreases the activity of the catalytic system (from 96 × 103 to 27 × 103 h−1), due to the decomposition of the active species and the lower solubility of ethylene in toluene at higher temperatures [138].



In [139] nickel(II) complexes bearing hyperbranched iminopyridyl ligands were presented (107, Figure 81).



An increase in the length of the alkyl chain by 2–4 carbon atoms leads to a decrease in activity from 22 × 103 to (10–17) × 103 h−1 [139].



Binuclear nickel(II) complexes bearing pyridine-imine ligands (108, Figure 82) were developed [140,141]. These complexes, activated by Et2AlCl or Et3Al2Cl3, oligomerize ethylene predominantly to 1-butene.




9. Effect of the co-Catalyst on the Catalytic Properties


Most of the presented catalytic systems are based on the cationic nickel complexes. Therefore, it is worth mentioning that the type of co-catalyst has determining influence on the catalytic properties. For example in the most cases considered (complexes 4, 5, 8–10, 13–15, 18–20, 24, 25, 30, 34, 35, 40, 43–45, 47, 52, 53, 55, 59, 65, 66, 69, 73–76, 78–82, 99–103 and 105) the change of methylaluminoxane to Et2AlCl, EtAlCl2 or Et3Al2Cl3 of lower amount (2–20 times lower, in terms of Al) leads to a significant (from 2- to 70-fold) increase in activity. This may be caused not only by an increase in the Lewis acidity, which favors halide abstraction, but also by the greater stabilization of the active sites and the transition states of the catalytic cycle. This was confirmed by the recent results of spectroscopic and DFT studies of the ethylene polymerization on methylaluminoxane activated zirconocenes [142,143,144]. According to the mechanism proposed, for the activation of complex the AlMe2+-species (from the terminal aluminum centers of methylaluminoxane) are responsible. These species replace halides with methyl groups and then stabilize the active sites (109, Figure 83).



Taking into account this mechanism, higher oligomerization activity in the case of ethylaluminum chloride co-catalysts may be due to the few reasons. Firstly, presence of the electron-withdrawing chloride can increase the electrophilicity of the metal center, which is favorable for the ethylene coordination (112 vs. 109, Figure 83). Secondly, chloride ion can facilitate the metall–alkyl bond cleavage (113 vs. 110, Figure 83), which is required for ethylene coordination to the metal center. Thirdly, reversible interaction between metal center and the anion, which is required for further β-agostic interaction and elimination of alpha-olefin, will be greater in the case of ethylaluminum chlorides because of higher electronegativity of anion caused by the presence of chlorides compared to oxygen sites in methylaluminoxane (114 vs. 111, Figure 83). In the case of the latter co-catalyst the metal–anion interaction can be complicated due to the bulkiness of anion, which is the part of the methylaluminoxane three-dimensional macromolecule [31,142,143].



However, for some complexes (6 [42], 36 [71], 37 [75]) methylaluminoxane provides higher oligomerization activity compared to ethylaluminum chlorides. In the case of complexes 6 and 49 the change of MAO to Et3Al2Cl3 and EtAlCl2, respectively, leads to the Friedel-Crafts toluene alkylation instead of ethylene oligomerization [42,84].



Thus, the type of co-catalyst has a decisive influence on the catalytic properties, and it must be selected individually for each system to provide optimal active site stabilization and cation–anion interaction.




10. Conclusions


The demand of the global polymer market for short-chain linear alpha-olefins in the last two decades has led to intensive research in the field of metal complexes used in the processes of selective homogeneous ethylene oligomerization. In this work, we reviewed modern Ni-based catalytic systems of ethylene oligomerization, predominantly dimerization. We mainly focused our attention on the influence of molecular structure, electronic and coordination states of the nickel complexes on their catalytic activity.



Catalytic systems based on nickel complexes are promising alternatives to the titanium alcoholate/triethylaluminum composition which is used in the only industrial process of ethylene dimerization to 1-butene—the “AlphaButol” (Axens-SABIC) [5,7,145,146]. Advantages of the majority of considered nickel-based systems over the latter are higher activity, the absence of polymers in products, as well as lower energy costs of dimerization process due to the use of lower temperature (25–30 °C vs. 50–60 °C) and ethylene pressure (10–20 bar vs. 30 bar) [146].



As follows from the review, the most elaborated nickel pre-catalysts for ethylene dimerization are single-center asymmetric complexes of NiII with tridentate ligands containing two or three nitrogen atoms in the conjugated system. Among these systems, there are certain examples which combine outstanding activity and high selectivity towards butenes/1-butene (for example, dichloride NiII complex bearing 2-(benzimidazol-2-yl)-1,10-phenanthroline ligand, with TOF = 453 × 103 h−1, S(ΣC4H8) = 90%, S(1-C4H8) = 73%) [38].



Taking into account, that the most effective systems are based on cationic nickel complexes, the catalytic properties are largely determined by the co-catalyst used. At the same time, a significant amount of the expensive organoaluminum co-catalyst is used to activate the reviewed pre-catalysts. The typical Al/Ni ratio is 200–1000. Therefore, the reduction of the Al/Ni ratio without negative impact on the catalytic activity and selectivity, as well as search and development of alternative activators and/or new methods of metal complexes activation, including methods of in situ generation of catalytically active species are important areas of the further research in the field of homogenous ethylene oligomerization/dimerization.



It was shown that the chemical nature of the solvent and the introduction of an auxiliary ligand have a significant effect on the catalytic properties and stability of the active species. Thus, the optimization of the oligomerization process conditions is crucial for the development of effective catalytic systems.
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Appendix A


It is necessary to make notes regarding the presentation in the review of the conditions and results of catalytic tests:



(1) in most of the cases discussed above:



—ethylene oligomerization cycle was carried out for 20–35 min, otherwise it is indicated;



—in catalytic tests, toluene was used as a solvent, otherwise it is indicated;



—selectivities for butenes, 1-butene, and hexenes were rounded to the nearest integer.



(2) In the works, where the activity is expressed in [g × molNi−1 × h−1], to convert to the dimension of TOF [molC2H4 × molNi−1 × h−1] = [h−1], the value was divided by the molar weight of ethylene (28 g × mol−1), using Equation (A1):


   [  TOF  ]  =    Activity     [  g ×   mol   Ni   − 1   ×  h  − 1    ]      Mr   C 2 H 4      [  g ×   mol   − 1    ]    =  [   h  − 1    ]   



(A1)







(3) To convert activity, which expressed in [g × molNi−1 × h−1 × bar−1], to the dimension of TOF [molC2H4 × molNi−1 × h−1] = [h−1], the value was divided by the molar weight of ethylene (28 g × mol−1) and multiplied by the ethylene pressure of the catalytic test, using Equation (A2):


   [  TOF  ]  =    Activity     [  g ×   mol   Ni   − 1   ×   bar   − 1   ×  h  − 1    ]  ×  P     [  bar  ]      Mr   C 2 H 4      [  g ×   mol   − 1    ]    =  [   h  − 1    ]   



(A2)
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Figure 1. Mechanism of ethylene oligomerization on Ni(II) centers. 
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Figure 2. Nickel(II) complexes bearing N,N-ligand. 
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Figure 3. Nickel complexes with 2,9-disubstituted 1,10-phenanthroline ligands. (Please see Appendix A about presentation of the activity and selectivity data). 
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Figure 4. Ni(II) complexes ligated by benzoxazolylpyridine and benzimidazolylpyridine derivatives. 
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Figure 5. Ni(II) complexes bearing 2-benzoimidazol-8-alkylquinoline ligands. 
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Figure 6. Ni(II) complexes with five-membered chelate ring, and bearing quinoline (a) and hydroquinoline (b) ligands. 
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Figure 7. Ni(II) complexes bearing 2-iminopyridine ligands. 
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Figure 8. Ni(II) complexes with six-membered chelate ring, and bearing arylimino-quinoline (a), benzoxazolyl- and benzothiazolyl-quinoline (b) ligands. 
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Figure 9. Bis-chelate (9) and binuclear (10) nickel complexes ligated by 1,10-phenanthroline derivatives. 
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Figure 10. Ether-imine-furfural nickel(II) complexes. 
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Figure 11. Ni(II) complexes bearing imine-thioether ligands. 
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Figure 12. Nickel complexes bearing N,N,N- and N,N,O-ligands, which were developed by the group of W.-H. Sun. 
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Figure 13. Nickel(II) complexes bearing tridentate 1,10-phenanthroline N,N,N-ligands:arylimino-phenanthroline (a), benzimidazole-phenanthroline (b), oxazole- and benzoxazole-phenanthroline (c). 
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Figure 14. Nickel(II) complexes bearing 2-pyrazolyl substituted 1,10-phenanthroline ligands. 
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Figure 15. Nickel(II) complexes bearing arylimino-pyridine N,N,N-ligands. 
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Figure 16. Nickel(II) complexes bearing 2-quinoxalinyl-6-iminopyridine ligands. 






Figure 16. Nickel(II) complexes bearing 2-quinoxalinyl-6-iminopyridine ligands.
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Figure 17. Nickel(II) complexes bearing arylimino-pyridine N,N,N-ligands: arylimino-picolinamide (a) and bis(arylimino)-pyridine (b). 






Figure 17. Nickel(II) complexes bearing arylimino-pyridine N,N,N-ligands: arylimino-picolinamide (a) and bis(arylimino)-pyridine (b).
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Figure 18. Nickel(II) complexes bearing benzimidazolylpyridine N,N,O-ligands. 






Figure 18. Nickel(II) complexes bearing benzimidazolylpyridine N,N,O-ligands.
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Figure 19. Nickel(II) complexes bearing alkylcarboxamide-iminopyridine ligands. 






Figure 19. Nickel(II) complexes bearing alkylcarboxamide-iminopyridine ligands.
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Figure 20. Nickel(II) complexes bearing 2,6-pyridinedicarboxamide ligands. 






Figure 20. Nickel(II) complexes bearing 2,6-pyridinedicarboxamide ligands.
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Figure 21. Nickel(II) complexes bearing 2-pyridine-aldoxime ligands. 






Figure 21. Nickel(II) complexes bearing 2-pyridine-aldoxime ligands.
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Figure 22. Nickel(II) complexes bearing (amino)pyridine ligands. 






Figure 22. Nickel(II) complexes bearing (amino)pyridine ligands.
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Figure 23. Nickel(II) complexes bearing benzimidazole-quinoline ligands: benzimidazole-quinoline-amine (a) and benzimidazole-N-benzylidenequinoline-amine (b). 






Figure 23. Nickel(II) complexes bearing benzimidazole-quinoline ligands: benzimidazole-quinoline-amine (a) and benzimidazole-N-benzylidenequinoline-amine (b).
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Figure 24. Nickel(II) complexes bearing 2-benzoimidazol-8-ethoxyquinoline ligands. 






Figure 24. Nickel(II) complexes bearing 2-benzoimidazol-8-ethoxyquinoline ligands.
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Figure 25. Nickel(II) complexes bearing arylimino-phenanthroline (a) and pyridine-quinoline-imine ligands (b). 






Figure 25. Nickel(II) complexes bearing arylimino-phenanthroline (a) and pyridine-quinoline-imine ligands (b).
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Figure 26. Nickel(II) complexes bearing phenolate-quinoline-imine ligands. 






Figure 26. Nickel(II) complexes bearing phenolate-quinoline-imine ligands.
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Figure 27. Nickel(II) complexes with pyrrole-imine ligands. 






Figure 27. Nickel(II) complexes with pyrrole-imine ligands.
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Figure 28. Nickel(II) complex bearing imino-imidazole ligand. 






Figure 28. Nickel(II) complex bearing imino-imidazole ligand.
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Figure 29. β-Ketoimine nickel(II) complexes. 






Figure 29. β-Ketoimine nickel(II) complexes.
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Figure 30. Nickel(II) complexes with phenyl ether-pyrazolyl ligands. 






Figure 30. Nickel(II) complexes with phenyl ether-pyrazolyl ligands.
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Figure 31. Nickel(II) complexes with arylselenyl-pyrazolyl ligands. 






Figure 31. Nickel(II) complexes with arylselenyl-pyrazolyl ligands.
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Figure 32. Nickel(II) complexes with bridged bis(pyrazolyl) ligands. 






Figure 32. Nickel(II) complexes with bridged bis(pyrazolyl) ligands.
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Figure 33. Bis(pyrazolyl) nickel(II) complexes with two five-membered chelate rings. 






Figure 33. Bis(pyrazolyl) nickel(II) complexes with two five-membered chelate rings.
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Figure 34. Nickel(II) complexes bearing bridged bis(pyrazolyl) ligands:silica-immobilized complex (a) and single complex (b). 
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Figure 35. Nickel(II) complexes bearing ether-pyrazolyl ligands with pendant donor groups. 






Figure 35. Nickel(II) complexes bearing ether-pyrazolyl ligands with pendant donor groups.
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Figure 36. Nickel(II) complex bearing bis(pyrazolyl)pyridine ligand. 






Figure 36. Nickel(II) complex bearing bis(pyrazolyl)pyridine ligand.
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Figure 37. Nickel(II) complexes bearing pyrazolyl-pyridine ligand. 






Figure 37. Nickel(II) complexes bearing pyrazolyl-pyridine ligand.
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Figure 38. Nickel(II) complexes bearing (pyrazolyl)-(phosphinoyl)pyridine ligands. 






Figure 38. Nickel(II) complexes bearing (pyrazolyl)-(phosphinoyl)pyridine ligands.
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Figure 39. Nickel(II) complexes bearing pyrazolyl-phosphinoyl ligands. 






Figure 39. Nickel(II) complexes bearing pyrazolyl-phosphinoyl ligands.
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Figure 40. Nickel(II) complex bearing bis(pyrazolyl)methane ligand. 






Figure 40. Nickel(II) complex bearing bis(pyrazolyl)methane ligand.
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Figure 41. Nickel(II) complexes with Si- (a) and P-bridged (b) bis(pyrazolyl) ligands. 






Figure 41. Nickel(II) complexes with Si- (a) and P-bridged (b) bis(pyrazolyl) ligands.
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Figure 42. Nickel(II) complexes bearing heteroscorpionate ligands. 






Figure 42. Nickel(II) complexes bearing heteroscorpionate ligands.
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Figure 43. Zwitterionic NiII complexes with pyrazolyl-ether-imidazolium ligands. 






Figure 43. Zwitterionic NiII complexes with pyrazolyl-ether-imidazolium ligands.
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Figure 44. Cationic methallyl nickel complexes bearing imidoyl-indazole ligands. 






Figure 44. Cationic methallyl nickel complexes bearing imidoyl-indazole ligands.
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Figure 45. The “bite angles” of dichloride NiII complexes with pyridine-phosphine ligands. 






Figure 45. The “bite angles” of dichloride NiII complexes with pyridine-phosphine ligands.
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Figure 46. NiII complexes bearing pyridine-phosphine ligands. 






Figure 46. NiII complexes bearing pyridine-phosphine ligands.
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Figure 47. NiII complexes bearing pyridine-phosphine ligands. 






Figure 47. NiII complexes bearing pyridine-phosphine ligands.
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Figure 48. NiII complexes bearing pyridine-phosphine and pyridine-phosphinite ligands. 






Figure 48. NiII complexes bearing pyridine-phosphine and pyridine-phosphinite ligands.
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Figure 49. Reinsertion of 1-butene, accompanied by the formation of 2-ethyl-1-butene. 






Figure 49. Reinsertion of 1-butene, accompanied by the formation of 2-ethyl-1-butene.
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Figure 50. NiII complexes bearing pyridine-phosphine, oxazoline-phosphine and thiazoline-phosphine ligands. 






Figure 50. NiII complexes bearing pyridine-phosphine, oxazoline-phosphine and thiazoline-phosphine ligands.
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Figure 51. NiII complexes bearing tridentate N,P,N-ligands: pyridine-phosphine (a) and pyridine-phosphinite (b). 
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Figure 52. NiII complexes with N-phosphino guanidine ligands. 






Figure 52. NiII complexes with N-phosphino guanidine ligands.
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Figure 53. NiII complexes bearing 2-pyridylphosphole ligands. 






Figure 53. NiII complexes bearing 2-pyridylphosphole ligands.
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Figure 54. Chain transfer to ethylene and isomerization of nickel bonded alkyl chain. 






Figure 54. Chain transfer to ethylene and isomerization of nickel bonded alkyl chain.
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Figure 55. NiII complexes with phosphinito-imine ligands. 






Figure 55. NiII complexes with phosphinito-imine ligands.
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Figure 56. Enolization of imino-phosphine. 






Figure 56. Enolization of imino-phosphine.
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Figure 57. NiII complexes with phosphinoiminophosphorane ligands. 






Figure 57. NiII complexes with phosphinoiminophosphorane ligands.
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Figure 58. Mono- and bimetallic complexes with iminophosphorane-phenoxide ligands. 






Figure 58. Mono- and bimetallic complexes with iminophosphorane-phenoxide ligands.
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Figure 59. α-Diphenylphosphino-N-(pyrazin-2-yl)glycine (a) and proposed Ni-H complex bearing this ligand (b). 






Figure 59. α-Diphenylphosphino-N-(pyrazin-2-yl)glycine (a) and proposed Ni-H complex bearing this ligand (b).
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Figure 60. NiII complexes with bis(phosphanyl)amine ligands. 






Figure 60. NiII complexes with bis(phosphanyl)amine ligands.
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Figure 61. Nickel(II) complexes with bis(diphenylphosphino)(N-thioether)amine ligands. 






Figure 61. Nickel(II) complexes with bis(diphenylphosphino)(N-thioether)amine ligands.
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Figure 62. NiII complexes with Si-bridged diphosphine ligands. 






Figure 62. NiII complexes with Si-bridged diphosphine ligands.
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Figure 63. NiII complexes with Si-bridged diphosphe amine ligands. 






Figure 63. NiII complexes with Si-bridged diphosphe amine ligands.
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Figure 64. Synthesis of non-symmetrical diphosphinoamine NiII complexes. 






Figure 64. Synthesis of non-symmetrical diphosphinoamine NiII complexes.
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Figure 65. Diphosphine NiII complexes. 






Figure 65. Diphosphine NiII complexes.
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Figure 66. NiII complexes with xanthphos-type ligands. 






Figure 66. NiII complexes with xanthphos-type ligands.
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Figure 67. Preparation of self-assembled nickel complexes. 






Figure 67. Preparation of self-assembled nickel complexes.
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Figure 68. Supramolecular π-allylic nickel complexes with secondary phosphine oxide ligands. 






Figure 68. Supramolecular π-allylic nickel complexes with secondary phosphine oxide ligands.



[image: Catalysts 10 00498 g068]







[image: Catalysts 10 00498 g069 550] 





Figure 69. Activated nickel complex with secondary phosphine oxide ligands. 






Figure 69. Activated nickel complex with secondary phosphine oxide ligands.
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Figure 70. NiII complexes ligated by diphosphinated calix[4]arenes. 






Figure 70. NiII complexes ligated by diphosphinated calix[4]arenes.
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Figure 71. N-heterocyclic carbene. 






Figure 71. N-heterocyclic carbene.
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Figure 72. Salicylaldiminato Ni(II) complex with N-heterocyclic carbene. 






Figure 72. Salicylaldiminato Ni(II) complex with N-heterocyclic carbene.
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Figure 73. N-heterocyclic carbene (NHC) nickel complex decomposition by the reductive elimination. 






Figure 73. N-heterocyclic carbene (NHC) nickel complex decomposition by the reductive elimination.
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Figure 74. NiII complexes with NHC ligands. 






Figure 74. NiII complexes with NHC ligands.
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Figure 75. NiII complexes bearing O- (a) and N-functionalized (b) NHC-ligands. 






Figure 75. NiII complexes bearing O- (a) and N-functionalized (b) NHC-ligands.
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Figure 76. Binuclear NiII complexes with oxazoline alcohol and pyridine alcohol N,O-ligands. 






Figure 76. Binuclear NiII complexes with oxazoline alcohol and pyridine alcohol N,O-ligands.
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Figure 77. Binuclear nickel(II) N-alkyl dipyridylaldiminato complexes. 






Figure 77. Binuclear nickel(II) N-alkyl dipyridylaldiminato complexes.
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Figure 78. Nickel bisamido complex [Ni{1-N(PMes2)-2-N(μ-PMes2)C6H4-k3N,N′,P-k1P′}]2. 






Figure 78. Nickel bisamido complex [Ni{1-N(PMes2)-2-N(μ-PMes2)C6H4-k3N,N′,P-k1P′}]2.
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Figure 79. Binuclear NiII complexes with 2-methyl-2,4-bis(6-iminopyridin-2-yl)-1H-1,5-benzodiazepines. 






Figure 79. Binuclear NiII complexes with 2-methyl-2,4-bis(6-iminopyridin-2-yl)-1H-1,5-benzodiazepines.



[image: Catalysts 10 00498 g079]







[image: Catalysts 10 00498 g080 550] 





Figure 80. N-(Pyridin-2-yl)picolinamide ligands (a) and tetranuclear NiII complexes (b). 






Figure 80. N-(Pyridin-2-yl)picolinamide ligands (a) and tetranuclear NiII complexes (b).
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Figure 81. Hyperbranched iminopyridyl NiII complexes. 






Figure 81. Hyperbranched iminopyridyl NiII complexes.
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Figure 82. Binuclear nickel(II) complexes bearing para-phenylene-linked pyridine-imine ligand. 






Figure 82. Binuclear nickel(II) complexes bearing para-phenylene-linked pyridine-imine ligand.
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Figure 83. Selected steps of ethylene oligomerization/polymerization catalytic cycle with different co-catalysts—methylaluminoxane (a) and ethylaluminum chloride (b). 
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