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Abstract

:

In this work, two carbocyclic fused pyridineimine nickel analogue systems (Ni1 and Ni2) with different fused member rings were investigated to reveal the relationship between catalyst structure and reaction activity. Multiple linear regression analysis was performed by means of five electronic descriptors and two steric descriptors, including the Hammett constant (F), effective net charge (Qeff), energy difference (ΔE), HOMO–LUMO energy gap (Δε1, Δε2), open cone angle (θ), and bite angle (β). Very good values of correlation coefficient (R2) over 0.938 were obtained by using a combination of effective net charge (Qeff) and open cone angle (θ) for both individual analysis and comparisons between analogue systems. By analyzing the contribution of descriptors, it indicates that the dominant descriptor is effective net charge (Qeff) in the Ni1 system and open cone angle (θ) in Ni2 systems, respectively. This may explain the different variation trends of catalytic activities in two Ni complexes systems as a function of substituents.
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1. Introduction


Due to the extensive number of applications inside film, isolated cable, engineering plastics and so forth, polyethylene has been playing an imperative role in our daily life and industry [1,2,3]. The physical and mechanical properties of polyethylene mainly depend on the structure of the product, which can be adjusted by a transition metal complex catalyst through decreasing the activation energy barrier during ethylene oligomerization and polymerization [4,5]. Catalytic activity is the most important property among the catalytic performance of transition metal complexes. Many achievements have been obtained previously by increasing the reaction activity of the complex, the modification of ligands, the alternation of substitutions on ligands, as well as the design of a new structure for ligands [6,7,8,9,10]. However, the potential principle of a transition metal complex with high catalytic activity still needs to be clarified at the molecular level.



Generally, catalytic activity is fundamentally related to the structure of catalyst, such as the electronic and steric effects. The electron donating and withdrawing ability of substituents describes the electronic effect [11,12], while the steric effect is actually associated with bond length, bond angle, size of the substituents, and atomic radii of transition metal [13,14,15]. In preceding reports, the catalytic activities for Fe, Co and Ni complex systems are investigated quantitatively from the perspective of the electronic effect by the correlation with effective net charge on the central metal atom (Qeff) [16,17,18], Highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energy gaps (Δε) between complex and ethylene [19], and the energy difference between the two spin states (ΔE) [19], respectively.



Besides the electronic effect, the impact of the steric effect on the catalytic activity is also investigated in terms of the open cone angle (θ) and bite angle (β). The former describes the space around the central metal in the complex to accommodate the approaching ethylene monomer [20], and the latter is the coordination angle of the metal with bonded nitrogens [21,22]. By using the multiple linear regression analysis (MLRA) method, the catalytic activities of azacyclyl–6–aryliminopyridylmetal (Fe, Co, and Cr) complexes are predicted by considering both the electronic (Qeff and Hammett constant F) and steric effects (θ and β) [20]. Furthermore, modified MLRA is carried out to investigate the variation of activities between 2–imino–1,10–phenanthrolinylmetal analogues, by using the variation of descriptors as independent variables and variation of the activity as a dependent variable. The calculation results exhibit quite good correlations for the analogues containing different substituents [23].



Nickel complex pre-catalysts can produce polyethylene with a hoisted level of branches and high molecular weight [24,25]. Herein, two Ni complexes systems are selected from our previous experimental reports, with the structure shown in Scheme 1. We defined the two systems as Ni1 and Ni2, respectively. Clearly, these two systems have very similar frameworks of ligands, and the same substituents of R2 and R3. The differences lie in the presence of the R1 substituent in the Ni1 system, and the different numbers of the carbocyclic fused rings, there is a six-membered ring in the Ni1 system and a seven-membered ring in the Ni2 system. Accordingly, the variations of the catalytic activities present very different trends as shown in Figure 1. For the Ni1 system, the activities present increasing trend for complexes 1–3 and complexes 4–5. Conversely, there is a decreasing trend of activities for both complexes 6–8 and complexes 9–10 in the Ni2 system. The catalytic activities are listed in Table 1 together with the reaction conditions [26,27].



Although the experimental conditions may change the absolute value of the activity and the variation trend remains same. Therefore, in this study, the main attentions focus on the different variation trend of catalytic activities for the two Ni analogue systems. MLRA is performed to find the key factors of the catalytic activity for each Ni system. Based on previous reports, five electronic and two steric descriptors are selected, including Hammett constants (F), effective net charge (Qeff), energy difference (ΔE), HOMO–LUMO energy gap (Δε1, Δε2), the open cone angle (θ), and bite angle (β) [28]. Different numbers and combinations of descriptors are tried to get better correlation with catalytic activity. The main purpose of this study is to explain the reason causing the opposite variation trend of activities for Ni1 and Ni2 systems at a molecular level.




2. Results and Discussion


Carbocyclic fused pyridineimine nickel complexes were selected as model to investigate the catalytic activities as shown in Scheme 1. It is clear that the complex Ni2 system is the seven-member ring analogue of the Ni1 system. Additionally, the R1 substituent connected with the quinoline ring is another variation for consideration. As shown in experiments [26,27], Ni1 and Ni2 complexes were synthesized by a one pot reaction and a step by step method, respectively, via the formation of ligands. The geometry is different, it is trigonal bipyramidal for the Ni1 system, and a distorted square-pyramidal geometry for the Ni2 system. In the present study, we firstly explore the catalytic activities of Ni1 and Ni2 systems individually by MLRA. Then the difference of catalytic activities between the Ni1 and Ni2 systems (Ni1–Ni2) is further investigated by using a modified MLRA.



2.1. Predicted Activity of Ni1 System


To validate the parameters in calculation, the geometry of complex 3 was optimized and compared with its experimental crystal structure. The values of bond lengths and bond angles from calculation and experiment are listed in Table 2. It is clear that the standardized deviations (δ) for bond length and bond angle at triplet state are smaller than that at singlet state. Meanwhile, the structure at triplet has the lower value of optimized energy (ΔE). Therefore, we selected the triplet state for the following calculations for the Ni1 model system.



The values of seven descriptors for each complex were calculated on the basis of optimized structures and listed in Table 3. The values of the Hammett constant (F) were taken from literature which corresponds to the type of substituent [29]. As to the effective net charge (Qeff), the values decreased from complexes 1 to 3 corresponding to the change of the R2 substituent from methyl to i-propyl. The presence of an electron donating group caused high electron density on the central metal, resulting in the reduction of positive charge value on the central metal atom. There were higher values of effective net charge in complexes 4 and 5 compared to complexes 1 and 2, respectively. It means that the introduction of the substituent on the para-position of the phenyl ring induces a positive effect on the effective net charge, which is different from the substituent on the ortho-position. Meanwhile, the effective net charges present the same descent trend from complexes 4 to 5. By keeping this variation of catalytic activities in mind, it is clear that the catalytic activities present a clear decreasing trend with Qeff.



Regarding the effect of substituents on the steric descriptors, the variation trends of open cone angle (θ) and bite angle (β) exhibited consistency with each other. According to the change of R2 substituents from methyl to i-propyl, the values of open cone angle (θ) gradually reduced from 245° to 230° for complexes 1–3. The steric hindrance surrounding the central metal atom increased due to the presence of big size substituents, resulting in a decrease of space to accommodate the incoming ethylene. For complexes 4 and 5, the values of the open cone angle (θ) exhibited a slight decrease by the introduction of the R3 substituent in contrast to complexes 1 and 2, respectively. This was owing to the para-position of R3 substituent, which was far from the central metal and had a tiny effect on the open cone angle. There was a clear decreasing correlation between the open cone angle (θ) and catalytic activities. This result is different from previous studies on Fe and Co complexes systems, but in agreement with previous Ni complexes systems because of the bidentate nitrogen coordination framework [23]. For the bite angle (β) measured in N1–Ni–N2, it almost kept constant around 80° and an independence on the variation of substituents. Although the variations were very small, there were clear increasing trends for complexes 1 to 3 and complexes 4 to 5, as well as a function of substituents. The regular variation was attributed to the change of the open cone angle. Based on the framework of ligands in Ni complexes, a decrease in the open cone angle (θ) results in an increase in the bite angle (β) correspondingly.



The values of energy difference (ΔE) increased from 1.45 to 4.38 kcal/mol for complexes 1 to 3 according to the change of R2 substituents. With the appearance of R3 substituent, the energy differences (ΔE) slightly decreased in complexes 4 and 5 compared with that of complexes 1 and 2, respectively. The variation of energy difference (ΔE) presented regular increases with catalytic activities, which is in accordance to the previous report for Ni complexes [19]. For the HOMO–LUMO energy gap (Δε1), the values almost keep constant around 66 kcal/mol, except the slightly bigger values in complexes 4 and 5 compared with complexes 1–3. This is due to the increased values of HOMO and LUMO orbital energy for the complexes containing electron-donating R3 substituent. Similarly, in comparison with complexes 1–3, complexes 4 and 5 give low values for the descriptor of Δε2.



In previous reports, the catalytic activities of 2-azacyclyl-6-aryliminopyridylmetal (Fe, Co and Cr) analogue complexes were investigated by MLRA using four descriptors, including two electronic descriptors (F, Qeff), and two steric descriptors (θ, β). The obtained results show very good correlation with the coefficient value of R2 over 0.93 [23]. Therefore, herein, we firstly chose four descriptors to investigate the catalytic activities for Ni1 complexes system as well. Since there are seven descriptors as candidate, there are 35 possible combination ways of taking four out of seven. Before performing MLRA for these combinations, the correlation coefficient values were calculated for each pair of descriptors to check the dependence between descriptors. The results were plotted into a matrix as in Figure S1a in the Supporting Information. It is clearly shown that the energy difference (ΔE) and HOMO–LUMO energy gap (Δε2) had a high correlation with the R2 value over 0.9. Therefore, the combinations of these two descriptors were eliminated and only the effective combinations with independent descriptors were considered for further calculations. There are 24 effective combinations, so MLRA was performed according to Equation (4) to correlate the calculated descriptors of each complex and the experimental catalytic activity.



The value of correlation (R2 = 1) for all the different combinations of four descriptors was very good. Some of the combinations are selected and listed in Table 4. Although the correlation coefficient values were the same, the quality for each combination was different. We calculated the values of the weight factor for each four-descriptor model. As listed in Table S1 in the Supporting Information, the percentage of weight factor for most models was very close with the values around 4%, only the combination of Δε2, F, Q, β and Δε2, Q, θ, β gave a higher weight factor of 4.9%. As there are five complexes in Ni1 system, the very good correlations were high probably due to over fitting. Usually, the total number of descriptors should be less than half of the whole data set [30]. Based on this empirical rule of thumb, we performed further investigations on MLRA by selecting combinations of three and two descriptors.



There were 28 effective combinations of the three descriptors, and 27 combinations presented a very high correlation with the R2 value over 0.9. When the number of descriptors was reduced to two, 11 out of 20 effective combinations gave good R2 values. Selected combinations of three and two descriptors exhibiting high correlations are listed in Table 4. The linear fitting was also performed individually for each descriptor to check its impact on catalytic activities. It is found in Table 4 that among all the descriptors, the effective net charge (Qeff) exhibited the highest correlation with the R2 value of 0.866. This means that the effective net charge (Qeff) is the dominant factor to determine the catalytic activity in the Ni1 complexes system.



In addition to the results listed in Table 4, the results from the rest combinations of four, three, two and single descriptors are tabulated in the Table S2. The calculated coefficient values (mi) for the fitting Equation (4) by two descriptors are listed in Table S3.




2.2. Predicted Activity of Ni2 System


The catalytic activities of the Ni2 system were investigated in the same way as for the Ni1 system. The calculated geometry of complex 6 was compared with the experimental structure as shown in Table S4. It is clear that at the triplet state, the optimized energy is lower, and the geometry is closer to the experimental structure, as indicated by the lower standardized deviations of bond lengths and bond angles. Therefore, we still selected the triplet state for the analysis of the Ni2 complexes system. Based on the optimized geometries, the values of seven descriptors for complexes of this series were calculated and shown in Table 5.



Due to the variation of the R1 substituent from Cl to H, the values of the Hammett constant (F) obviously decreased in the Ni2 system in contrast to the Ni1 system. Similarly, due to the R1 substituent, the effective net charge showed an increasing trend for complexes 6–8 and complexes 9–10, respectively, different to the decreasing trend in the Ni1 system. Considering the different variation of catalytic activities in the Ni1 and Ni2 systems, the activity presents decreasing trend with the effective net charge (Qeff) in both the Ni systems.



The values of the open cone angle (θ) gradually reduced from 253° to 244°, corresponding to the change of the R2 substituents regarding complexes 6–8, and showing the same trend for complexes 9 to 10. Therefore, the catalytic activity presented an increasing correlation with the open cone angle (θ), which is in agreement with the previous study [20]. The variation of the bite angle (β) was very small, with the values of β keeping almost constant and independent on the substituents. There was only a slight increasing trend for complexes 6 to 8, and complexes 9 to 10, same as in the Ni1 system. Similar to the Ni1 analogue system, the energy difference (ΔE) presented an increasing trend corresponding to catalytic activity. The increased values of Δε1, and decreased values of Δε2, were also observed in complexes 9 and 10 compared with complexes 6 and 7, respectively.



The quantitative investigation of catalytic activities for the Ni2 system was performed by MLRA. In the same manner, many combinations of different numbers of descriptors were tried to get good fitting results, including four, three, and two descriptors. The correlation matrix in the Figure S1b shows that there are high correlations between the descriptors of open cone angle (θ) and energy difference (ΔE), and between the two HOMO–LUMO energy gaps (Δε1 and Δε2). These two pairs of dependent descriptors were removed from all the combinations to maintain the effective combinations for analysis.



For 15 effective combinations of four descriptors, the correlation coefficient (R2) values were very good. From the results of weight factors for each of the four-descriptors models, the combination of F, Δε2, θ, β showed the highest value of 9%. Out of 22 and 19 effective combinations of three and two descriptors, respectively, there were 20 and 14 combinations showing good correlation results with the R2 value over 0.90. Some results are selected in Table 6. To check the influence of each single descriptor, the correlation values between the single descriptor and catalytic activities are calculated and listed in Table 6 as well. It can be seen that the open cone angle (θ) exhibits quite good correlation with catalytic activities with the coefficient R2 value of 0.964. Meanwhile, the R2 values of the energy difference (ΔE) and bite angle (β) are also good. Different from the results in the Ni1 system, the effective net charge (Qeff) presented a very low correlation with the R2 value of 0.127. It is clear that the in the Ni2 system, open cone angle (θ) plays the dominated role, which is different from the major contribution of the effective net charge (Qeff) in the Ni1 system.



Besides the selected values listed in Table 6, other results of R2 for the combinations of four, three, two, and single descriptors are listed in Table S5. Meanwhile, the calculated coefficient values (mi) for equation (4) by two descriptors are summarized in Table S6.




2.3. Difference of Catalytic Activity between Ni1 and Ni2 Systems


In previous sections, the catalytic activities of Ni1 and Ni2 complexes systems were investigated individually by MLRA. In this section, modified MLRA is performed on the variation of catalytic activities between two analogue systems. According to Equation (5), the variation values of the seven descriptors between the Ni1 and Ni2 systems were calculated as independent variables, meanwhile the variation of catalytic activities was used as a dependent variable. The obtained results are listed in Table 7, where 1–6 means the variation between complex 1 in the Ni1 system and complex 6 in Ni2 system, with a similar meaning for others.



The variations of Hammett constants (F) kept constant around the value of 0.39, corresponding to the different results of the Hammett constants between Cl in the Ni1 system and H in the Ni2 system. Regarding the effective net charges, the variation values ranged from 0.079 to 0.093, which is about 20% of the absolute values in the Ni1 or Ni2 systems. For the steric effect, the variation values of the open cone angle (θ) were around −7°. The bigger values of θ in the Ni2 system may be due to the change of the carbocyclic fused member ring from six to seven. Comparatively, the variation of the bite angle (β) and energy differences (ΔE) were small, with values around 0.5° and 1.4 kcal/mol, respectively. The HOMO–LUMO energy gaps showed decreasing values around 4.4 kcal/mol for the descriptors of Δε1, and increasing values around 4.5 kcal/mol for the descriptors of Δε2, respectively. Regular variation trends with respect to the catalytic activities were observed for these descriptors.



Then, the modified MLRA was performed to investigate the variation in catalytic activities between the Ni1–Ni2 analogue by using different combinations of descriptors. Firstly, the correlations between each pair of descriptors were calculated as in Figure S1c. It is obviously shown that correlation coefficient values are high between the pairs of effective net charge (Qeff) and energy difference (ΔE), open cone angle (θ) and HOMO–LUMO energy gap (Δε1), and the two HOMO–LUMO energy gaps (Δε1 and Δε2). Therefore, these three pairs of dependent descriptors were removed from all the possible combinations, leaving ten effective combinations. As in Table 8, the correlation values for all the combinations are very good with the R2 value of 1. The results of the weight factors for each four-descriptor model showed the highest value of 11% by the combination of Δε1, F, Q, β.



For the combination of three and two descriptors, out of 19 and 18 effective combinations, 18 and 15 combinations gave good correlation with the R2 over 0.9, respectively. Selected good results for four, three, two descriptors are shown in Table 8. The correlations for each single descriptor were also checked, showing the good R2 value of 0.910 by the descriptors of Δε1.



The correlation values for the rest combinations of three, two, and single descriptors are summarized in Table S7 for the Ni1–Ni2 analogue. The linear fitting coefficients values (wi) by the combinations of two descriptors are illustrated in Table S8.



Clearly, there were several combinations of two descriptors that exhibited good correlation results for the Ni1 and Ni2 systems individually as well as for the Ni1–Ni2 analogue system, such as the combination of Qeff and θ, Q and β, Δε2 and β. Herein, the combination of effective net charge (Qeff) and open cone angle (θ) was selected, which give higher correlation results for all systems. The corresponding correlation coefficient values were 0.961, 0.989 and 0.938 for the Ni1 system, Ni2 system and Ni1–Ni2 analogue, respectively. The comparisons between the experimental and the calculated activities for each system are displayed in Figure 2.



As mentioned in the introductory section, regarding the structure of Ni1 and Ni2 systems, the different substituent of R1 and size of the carbocyclic fused ring cause different variation trends in catalytic activities. In order to clarify the reason, the contributions of each descriptor on catalytic activities were calculated. Firstly, the calculated descriptors and the catalytic activities for each system were standardized by using Z–Score method, as listed in Table 9. By using Equation (6), the contributions of each descriptor were calculated and the obtained results are shown in Table 10. Clearly, in the Ni1 system, effective net charge (Qeff) plays a dominant effect on the catalytic activities, with a contribution value of 80.98%. However, different from the Ni1 system, the dominated factor becomes the open cone angle (θ) in the Ni2 system with a contribution value of 88.76%. The results indicate that, due to the presence of the substituent of Cl in Ni1 system, the electronic effect is a key factor in determining catalytic activity. While in the Ni2 system, because the carbocyclic fused member ring changed from six to seven and the R1 substituent from Cl to H, the steric effect becomes the predominant factor. Therefore, the different dominant factor is the essential reason for the different variation of catalytic activities in the Ni1 and Ni2 systems.



Additionally, as in Figure 1, the R3 substituent deactivates the catalytic activity dramatically in the Ni1 system regarding complexes 4 and 5. But this is not the case in the Ni2 system, as complexes 9 and 10 are more active than complex 8. The main reason still comes from the different dominant descriptors in two systems. For the Ni1 system, the catalytic activities increased with the decreasing of Qeff. Therefore, with the introduction of R3 substituent, the effective net charge values within complexes 4 and 5 increased, as seen from Table 3, leading to the lower catalytic activity of complexes 4 and 5. However, in the Ni2 system, because the dominant role on catalytic activity is the open cone angle (θ), the R3 substituent only causes very small decreases of θ in complexes 9 and 10, resulting in the slight reduce of their catalytic activities.





3. Computational Details


In the present study, all the calculations were performed by density function theory (DFT) in a Dmol3 program [31,32]. The electronic structures of the molecular systems were optimized by the generalized gradient approximation (GGA) [33] and the Becke–Perdew (BP) [34] exchange correlation function combined with the double numerical basis sets with polarization functions (DNP) [31] using effective core potentials [35,36]. For geometry optimization, the convergence criteria of energy, maximum force and displacement were 2.0 × 10−5 Hartree, 4.0 × 10−3 Hartree per Bohr and 5.0 × 10−3 Å, respectively. The convergence criterion for self-consistent field (SCF) calculation was 1.0 × 10−5 Hartree.



After the optimization of the complex, we calculated the descriptors of electronic and steric effects based on previous studies. The effective net charge (Qeff) was calculated by Equation (1), which defines the difference of charge on central metal (QCM) and variation between two halogen atoms (ΔQhalogens) [17]. The HOMO–LUMO energy gaps (Δε1, Δε2) were actually the energy gap between complex’s LUMO/HOMO (ELC/EHC) and ethylene’s HOMO/LUMO orbitals (EHE/ELE), as calculated by Equations (2) and (3), respectively.


Qeff=QCM−ΔQhalogens



(1)






Δε1=ELC−EHE



(2)






Δε2=ELE−EHC



(3)







Energy difference (ΔE) can be explained in terms of different optimized energy of Ni complex between singlet and triplet states [19]. The values of Hammett constant (F) were taken from literature [29], and depended on the type of substituents. The steric effect was calculated on the basis of an optimized structure of the complex. The bite angle (β) was measured as the angle of N1–Ni–N2 in complex. The open cone angle (θ) was obtained according to [20], accounting for the space to accommodate the incoming monomer.



To exhibit the association of structural descriptors with experimental activities, we chose the multiple linear regression analysis (MLRA) Equation (4):


Act.(10a g·mol−1·h−1)=∑i=1Nmo+miXi



(4)




where N represents the number of structural descriptors to establish the correlation with catalytic activities. In this study, we decided to choose four, three and two descriptors from the seven electronic and steric descriptors, so the value of N can be 2, 3 and 4. Xi is the value of each descriptor. The regression coefficients mo and mi were obtained by linear fitting analysis using the LINEST function in Microsoft Excel [37].



Similarly, the variation of catalytic activities between two series of complexes was analyzed by modified MLRA [23], which uses the variation of descriptors (ΔXi) as the independent variables and the variation of catalytic activities (ΔAct.) as the dependent variable, as shown in Equation (5):


ΔAct.(10a g·mol−1·h−1)=∑i=1Nwo+wiΔXi



(5)




where the value of N and regression coefficients wo and wi have same meaning as in Equation (4), which means that we also tried different numbers of descriptors to get the linear fitting equation for the variation of catalytic activities between two analogue systems, including the cases of four, three and two descriptors.



To analyze the contribution of each structural descriptor to the catalytic activity, the values of descriptors and activities were standardized by the Z-score method [38,39]. Contribution values were calculated for each descriptor by using the standardized values as shown in the equation (6):


Contribution %= ∑j=1M|w¯·ΔX¯|∑i=1N|w¯i·ΔX¯i|M×100% 



(6)




where, M is corresponding to the number of complexes in one series and N has the same meaning as in Equation (1) which describes the number of structural descriptors (2, 3 or 4). w¯ and ΔX¯ are the corresponding standardized values of linear fitting coefficients and variation of descriptors, respectively.




4. Conclusions


The variation of catalytic activities of carbocyclic fused pyridineimine nickel complex analogues (Ni1 and Ni2) were investigated quantitatively by the MLRA method. Based on our previous studies, five electronic and two steric descriptors were selected as the independent variables in linear fitting, including the Hammett constant (F), effective net charge (Qeff), energy difference (ΔE), HOMO–LUMO energy gap (Δε1, Δε2), open cone angle (θ), and bite angle (β). Different numbers of descriptors were undertaken for each individual complexes system and the analogues (Ni1–Ni2) in order to obtain a high quality fitting model. The calculated results showed good values of correlation coefficient (R2) by using different combinations of four, three, and two descriptors. Furthermore, the combination of effective net charge (Qeff) and open cone angle (θ) gave good correlation results for both the individual and analogue systems. The corresponding correlation coefficient values (R2) were 0.961, 0.989 and 0.938 for Ni1 system, Ni2 system and Ni1–Ni2 analogue system, respectively.



The contribution of each descriptor indicated that the effective net charge (Qeff) plays the dominant role in order to determine the variation of catalytic activities in the Ni1 system. While in the Ni2 system, the open cone angle (θ) becomes the major factor due to the variation of the fused member-ring. This is the reason for the opposite variations of catalytic activities in Ni1 and Ni2 systems. Through this study, the major factor on catalytic activity of different Ni systems is clarified, which is helpful to provide guidance to predict and design new Ni complexes with desirable catalytic properties.
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Scheme 1. The structure of carbocyclic fused pyridineimine nickel complexes. 
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Figure 1. The variation of experimental activities as a function of R2 and R3 substituents for Ni1 and Ni2 complexes, respectively. 






Figure 1. The variation of experimental activities as a function of R2 and R3 substituents for Ni1 and Ni2 complexes, respectively.



[image: Catalysts 09 00520 g001]







[image: Catalysts 09 00520 g002a 550][image: Catalysts 09 00520 g002b 550]





Figure 2. Comparisons between calculated and experimental activities of (a) Ni1 system, (b) Ni2 system, and (c) Ni1–Ni2 analogue system, by the descriptors of effective net charge (Qeff) and open cone angle (θ). 
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Table 1. The experimental catalytic activities and reaction conditions for the nickel complexes.
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	Complex
	Co-catalyst
	P a
	Ratio b
	T c
	T d
	Precatalyst
	Activity e





	1
	EASC
	10
	400
	20
	30
	5 μmol
	3.7



	2
	EASC
	10
	400
	20
	30
	5 μmol
	7.1



	3
	EASC
	10
	400
	20
	30
	5 μmol
	8.7



	4
	EASC
	10
	400
	20
	30
	5 μmol
	2.4



	5
	EASC
	10
	400
	20
	30
	5 μmol
	2.5



	6
	EASC
	10
	800
	20
	30
	3 μmol
	7.18



	7
	EASC
	10
	800
	20
	30
	3 μmol
	6.22



	8
	EASC
	10
	800
	20
	30
	3 μmol
	4.71



	9
	EASC
	10
	800
	20
	30
	3 μmol
	6.85



	10
	EASC
	10
	800
	20
	30
	3 μmol
	5.65







a atm of ethylene; b co-catalyst/catalyst; c reaction temperature (°C); d reaction time (min); e 106 g·mol−1·h−1.
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