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ABSTRACT: Five distinct α,α′-bis(arylimino)-2,3:5,6-bis(hexamethylene)pyridine 

-cobalt(II) chloride complexes, [2,3:5,6-{C5H10C(NAr)}2C5HN]CoCl2 (Ar = 

2,6-Me2C6H3 Co1, 2,6-Et2C6H3 Co2, 2,6-i-Pr2C6H3 Co3, 2,4,6-Me3C6H2 Co4, 

2,6-Et2-4-MeC6H2 Co5), have been synthesized by the one-pot template reaction of 

α,α′-dioxo-2,3:5,6-bis(hexamethylene)pyridine with the corresponding aniline and 

cobalt(II) chloride in acetic acid. The molecular structures of Co2 and Co3 reveal 

distorted square pyramidal geometries with two conformationally flexible 
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eight-membered rings a feature of the ligand manifold. On activation with either 

methylaluminoxane (MAO) or modified MAO (MMAO), all five complexes displayed 

high catalytic activities for ethylene polymerization (up to 3.62 × 106 g PE mol−1 (Co) h−1) 

generating strictly linear polyethylenes with the activity decreasing in the order: Co4 > 

Co5 > Co1 > Co2 > Co3 (MAO) and Co1 > Co4 > Co2 > Co5 > Co3 (MMAO). 

Moreover, the nature of the aluminoxane co-catalyst employed had a marked effect on the 

molecular weight and distribution (Mw/Mn) of the polymeric material obtained. For 

example using MAO, high molecular weight polyethylene (Mw ≈ 105 g mol-1) with a 

narrow monomodal molecular weight distribution (2.1 – 3.6) was a characteristic, while 

using MMAO, the polyethylene was of lower molecular weight (Mw ≈ 104 g mol-1) and 

exhibited a mono- to bimodal distribution (10.1 – 23.8) depending on the ratio of MMAO 

employed, temperature and run time.  

INTRODUCTION 

With the disclosure of highly active bis(imino)pyridine-cobalt and -iron catalysts for 

ethylene oligo-/polymerization towards the end of the 1990’s (A in Chart 1),1 the search 

for more potent and thermally stable systems has continued apace during the intervening 

years.2,3,4 In the main this search has been concerned with changes to the N-aryl groups3,4 

of the tridentate NNN-ligand as well as to the substituents located on the imine-carbon 

atom.3f Elsewhere altogether different NNN-ligand frames, such as 

2-benzimidazolyl-6-iminopyridines,5 N-[(pyridin-2-yl)methylene]-8-aminoquinolines,6 
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2,8-bis(imino)quinolones7 and 2-imino-1,10-phenanthrolines,8 have emerged as 

compatible supports for cobalt and iron catalysts.2a,2h Indeed, a 

2-imino-1,10-phenanthroline-iron catalyst9 has been employed in a 500-ton scale pilot 

process for ethylene oligomerization.2h 

 

Chart 1 Bis(imino)pyridine-containing A and its fused derivatives B – G  
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As a more recent development, our group and others have been attracted by 

introducing controlled amounts of strain to the parent bis(imino)pyridine framework with 

a view to modifying the donor properties of the tridentate ligand and in-turn the 

performance of the catalyst.2a,2g-k To realize this goal, the incorporation of fused 

carbocyclic rings to the central pyridine has been systematically implemented leading to 

pre-catalysts containing both singly and doubly fused derivatives with ring sizes of 

between five and seven (B – F, Chart 1).10-14 With particular regard to cobalt pre-catalysts, 
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use of B, containing a singly-fused six-membered ring (Chart 1),10 results in much higher 

activities and better thermal stability than the prototypical A and produces solely 

polyethylenes.10b On the other hand, using C (Chart 1),11 possessing a smaller 

five-membered ring, much lower activities are displayed.12a However, the 

seven-membered ring system D (Chart 1),12 exhibits the highest activity of this 

singly-fused series, the longest catalyst lifetime and best thermal stability.12b-c With 

respect to the doubly-fused cobalt systems E and F (Chart 1), E shows high activity but 

affords a less desirable mixture of polyethylenes and oligomers.13 By contrast, the 

seven-membered ring analog F, proved highly efficient and affords strictly linear 

vinyl-polyethylenes.14a-b Notably, such polymers are in demand and indispensable in the 

production of long-chain branched copolymers, functional polymers as well as coating 

materials.14b,15 

In this program, we target a new series of divalent cobalt chloride complexes bearing 

chelating α,α′-bis(arylimino)-2,3:5,6-bis(hexamethylene)pyridines (G, Chart 1), in which 

the central pyridine is fused by two non-rigid eight-membered rings and their α-positions 

linked to a range of electronically and sterically different N-aryl groups. An in-depth 

study is conducted to optimize catalytic performance of these pre-catalysts in ethylene 

polymerization using two different activators and to examine how these structural and 

co-catalyst variations impact on catalytic activity and polymer product. In addition to 

polymer characterization, full synthetic procedures and characterization data for the 

complexes are reported.  
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RESULTS AND DISCUSSION 

Synthesis and Characterization of Co1 – Co5 

The α,α′-bis(arylimino)-2,3:5,6-bis(hexamethylene)pyridine-cobalt(II) chlorides, 

[2,3:5,6-{C5H10C(NAr)}2C5HN]CoCl2 (Ar = 2,6-Me2C6H3 Co1, 2,6-Et2C6H3 Co2, 

2,6-i-Pr2C6H3 Co3, 2,4,6-Me3C6H2 Co4, 2,6-Et2-4-MeC6H2 Co5), have been prepared in 

reasonable yield by the one-pot template reactions of 

α,α′-dioxo-2,3:5,6-bis(hexamethylene)pyridine,16 the corresponding aniline and 

CoCl2·4H2O in acetic acid at reflux for 12 hours (Scheme 1). The free ligands themselves 

have not proved amenable to isolation as has been observed with related doubly-fused 

bis(imino)pyridines, an observation that is likely attributable to decomposition via 

pathways involving imine–enamine tautomerization.13,14 The precursor diketone, 

α,α′-dioxo-2,3:5,6-bis(hexamethylene)pyridine,16 is not commercially available and can 

be prepared in two steps by firstly the condensation reaction of 

2,3:5,6-bis(hexamethylene)pyridine16a with benzaldehyde and then oxidation of the 

intermediate by ozone in dichloromethane at -40 oC using previously reported procedures 

(Scheme 1); the 1H/13C NMR spectra of both 2,3:5,6-bis(hexamethylene)pyridine 

α,α′-dioxo-2,3:5,6-bis(hexamethylene)pyridine are consistent with that reported in 

literature.16a All the cobalt complexes have been characterized by 1H NMR, FT-IR 

spectroscopy, magnetic measurements and elemental analysis. In addition, Co2 and Co3 

have been the subject of single crystal X-ray diffraction studies. 
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Scheme 1 Synthetic route to Co1 - Co5 from 2,3:5,6-bis(hexamethylene)pyridine 
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Single crystals of Co2 and Co3 suitable for the X-ray determinations were grown by 

slow diffusion of diethyl ether into a dichloromethane solution of the corresponding 

complex. The molecular structures of Co2 and Co3 are shown in Figs. 1 and 2; selected 

bond lengths and angles are collected in Table 1. The structures are similar and will be 

discussed together. Both consist of a single cobalt center surrounded by three nitrogen 

atoms belonging to the α,α′-bis(arylimino)-2,3:5,6-bis(hexamethylene)pyridine and two 

chloride ligands to complete a five-coordinate geometry. The structures differ in the 

nature of the aryl groups linked to the exterior nitrogen donors; 2,6-diethylphenyl for Co2 

and 2,6-diisopropylphenyl for Co3. The five-coordinate geometries can be best described 

as distorted square-pyramidal with the three nitrogen atoms and one chloride atom (Cl2) 

forming the basal plane and Cl1 filling the apical position. The cobalt atom sits at a 
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distance of 0.483 Å above the basal plane for Co2 and 0.526 Å for Co3 in a manner 

similar to that observed in related NNNCoCl2 species.1,12b,12c,13,14a The central Co–Npyridine 

bond length [2.0720(18) (Co2) 2.0790(2) (Co3) Å] is shorter than the exterior Co–Nimino 

ones [2.1180(18) – 2.1633(18) Å], while the N2–Co1–N1 [74.62(10)° (Co2), 74.04(7)° 

(Co3)] and N(1)–Co(1)–N(3) [138.33(10)° (Co2), 141.70(7)° (Co3)] angles within each 

five-membered chelate ring are consistent with previous observations.10,11a,12b-c,13,14a The 

torsion angles for N(1)–C(1)–C(8)–N(2) [7.20° (Co2), 8.90° (Co3)] and 

N(3)–C(17)–C(11)–N(2) [-5.21° (Co2), -15.06° (Co3)] highlight the deviation from 

co-planarity between the pyridine ring and the neighboring imine vectors. Notably, these 

deviations are generally larger than that observed for the corresponding torsion angles in 

the smaller seven-membered ring analog F (av. = 6.6(4)° and -6.0(4)°).14a Furthermore, 

the Co–Npyridine bond length [2.0790(2) Å (Co2), 2.0720(18) Å (Co3)] is longer than that 

observed in A (2.051(3) Å),1c B (2.040(3) Å),10b D (2.036(4)-2.052(5) Å)12b,c and E 

(2.037(4) Å),13 but close to that found in F (2.082(3) Å).14a By contrast, the Co–Nimine 

bonds [2.1180(18) - 2.1633(18) Å] are shorter than found in A,1c B,10b D12b,c and E (range: 

2.193–2.320 Å, Chart 1),13 but similar to those observed in F [2.128(3) and 2.176(3) 

Å].14a Clearly, the presence of the two fused eight-membered rings in Co2 and Co3 is 

causing some structural reorganization of the tridentate ligand. Within the saturated 

section of the eight membered rings (C2-C3-C4-C5-C6 and C12-C13-C14-C15-C16) the 

expected non-planar puckered arrangement is adopted. The N-aryl rings are almost 

perpendicular to the coordination plane with dihedral angles of 85.85° and 89.84° for 



8 
 

Co2 and 87.73° and 88.85° for Co3, respectively. There are no intermolecular contacts of 

note. 

 
 

Fig. 1. ORTEP representations of Co2. Thermal ellipsoids are shown at 30% probability 

and hydrogen atoms have been omitted for clarity. 

 

Fig. 2. ORTEP representations of Co3. Thermal ellipsoids are shown at 30% probability 

and hydrogen atoms have been omitted for clarity. 
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Table 1 Selected bond lengths and angles for Co2 and Co3 

 Co2 Co3 

Bond lengths (Å) 

Co(1)–N(1)  2.1180(3) 2.1633(18) 

Co(1)–N(2)  2.0790(2) 2.0720(18) 

Co(1)–N(3)  2.1370(3) 2.1469(18) 

Co(1)–Cl(1)  2.2995(10) 2.3007(8) 

Co(1)–Cl(2) 2.2389(10) 2.2503(7) 

Bond angles (°) 

N(1)–Co(1)–N(2) 74.62(10) 74.04(7) 

N(1)–Co(1)–N(3) 138.33(10) 141.70(7) 

N(2)–Co(1)–N(3) 73.91(10) 75.41(7) 

N(1)–Co(1)–Cl(2) 100.43(8) 97.74(5) 

N(2)–Co(1)–Cl(2) 159.54(8) 89.97(6) 

N(3)–Co(1)–Cl(2) 99.57(8) 98.99(5) 

N(1)–Co(1)–Cl(1) 103.59(8) 98.26(5) 

N(2)–Co(1)–Cl(1) 88.42(7) 152.85(6) 

N(3)–Co(1)–Cl(1) 102.14(8) 104.27(5) 

Cl(2)–Co(1)–Cl(1) 112.01(5) 117.02(4) 

 

The IR spectra of Co1 – Co5 displayed strong absorption bands around 1596 cm-1 

consistent with the coordination of both imine nitrogen atoms.10-14 Furthermore, the 

microanalytical data for the complexes were in full agreement with elemental 

compositions of general formula LCoCl2. Characteristically broad paramagnetically 

shifted peaks are a feature of the 1H NMR spectra of all the complexes [recorded in 
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deuterated chloroform (CDCl3) at ambient temperature]. The assignment of the peaks in  

Co1 - Co5 has been made through a comparison with data recorded for related Co(II) 

complexes, relative integration and proximity to the paramagnetic center.1c,3a,3b For all 

five complexes, a distinct downfield peak for the para-pyridyl proton at δ 41.92av. (see 

Figures S5-S9) is visible, while the meta-aryl protons can be seen more upfield at δ 

13.64av (see Figures S5-S9 for Co1 - Co5). By contrast, the ketimine protons (N=CCH2) 

can be seen at δ 15.09av. and the methyl protons (Ar-Me or CHMe2) as a broad and 

upfield peak at δ -14.76av.. In addition, multiple peaks for the cycloalkyl protons (CH2) 

are evident between δ 3.78 – δ 0.83. Moreover, all five cobalt complexes display 

magnetic moments of ∼4.1 µB, consistent with three unpaired electrons (Evans NMR 

method 1b,3a,3b.17). 

 

Catalyst evaluation for ethylene polymerization 

In previously reported studies,1,2,4 cobalt(II) chloride complexes of the type A – F (Chart 

1) have been shown to exhibit their optimal catalytic performance in the presence of 

either methyl aluminoxane (MAO) or modified MAO (MMAO) as co-catalyst.1,10-14 

Hence, this investigation focuses on these two co-catalysts using mesityl-containing Co4 

as the test pre-catalyst. Optimizations of the Al/Co ratio, reaction temperature and 

catalyst lifetime were performed independently using Co4/MAO and Co4/MMAO before 

the remaining pre-catalysts, Co1 – Co3, Co5, were evaluated with each co-catalyst. All 

polymeric materials were characterized by gel permeation chromatography (GPC) and 

differential scanning calorimetry (DSC), while the microstructural properties of selected 

samples were examined using high-temperature 13C NMR spectroscopy. In all cases, gas 
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chromatography was used to detect the presence of any oligomeric products. 

Using Co1 – Co5/MAO. In the first instance, the effect of the molar ratio of Al/Co on 

the catalytic performance of Co4/MAO was explored. Typically the runs were performed 

in toluene under 10 atmospheres of ethylene pressure over 30 minutes with the ratio 

varied between 1000 – 3000 (entries 1 – 7, Table 2). The optimum activity was observed 

as 2.89 × 106 g (PE) mol–1 (Co) h–1 with a molar ratio of 1500 (entry 3, Table 2). The 

molecular weight (Mw) of the polymer was found to decrease by more than half from 

 

Table 2. Ethylene polymerization results using Co1 – Co5/MAOa 

Entry Pre- 
cat. 

Al/Co T 
(oC) 

t (min) Yield 
(g) 

Act.b Mwc Mw/Mnc Tmd (oC) 

1 Co4 1000 30 30 3.75 2.50 540.1 2.6 135.5 

2 Co4 1250 30 30 3.86 2.57 497.9 2.2 135.1 

3 Co4 1500 30 30 4.33 2.89 422.7 2.7 135.0 

4 Co4 1750 30 30 3.85 2.57 380.0 2.4 135.3 

5 Co4 2000 30 30 3.78 2.52 346.1 2.5 135.3 

6 Co4 2500 30 30 3.35 2.23 336.3 2.2 135.2 

7 Co4 3000 30 30 3.13 2.08 250.1 3.0 135.2 

8 Co4 1500 20 30 2.12 1.41 463.7 2.9 135.7 

9 Co4 1500 40 30 2.90 1.93 251.2 4.4 135.5 

10 Co4 1500 50 30 2.63 1.75 182.9 3.6 135.5 
11 Co4 1500 60 30 2.39 1.60 109.1 2.9 135.6 
12 Co4 1500 70 30 2.12 1.41 84.1 3.3 135.6 

13 Co4 1500 30 15 2.56 3.14 269.2 2.7 135.8 

14  Co4 1500 30 45 4.56 2.03 401.9 2.9 136.4 
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15 Co4 1500 30 60 5.00 1.67 500.2 3.7 136.0 

16e Co4 1500 30 30 0.88 0.59 264.9 2.8 136.5 

17f Co4 1500 30 30 trace -- -- -- -- 

18 Co1 1500 30 30 3.63 2.42 405.3 2.7 136.7 

19 Co2 1500 30 30 2.48 1.65 379.4 3.5 135.9 

20 Co3 1500 30 30 0.85 0.57 539.1 2.6 134.3 

21 Co5 1500 30 30 4.08 2.72 432.7 3.2 135.6 
a Conditions: 3.0 μmol of Co4; 100 mL toluene, 10 atm ethylene. b Values in units of 106 

g(PE) mol-1 (Co) h-1. c Determined by GPC, and Mw: kg mol−1. d Determined by DSC. e 5 
atm ethylene. f 1 atm ethylene. 

540.1 to 250.1 kg mol-1 on changing the ratio from 1000 to 3000 which can be ascribed to 

increased chain transfer from cobalt to aluminum on increasing the amount of alkyl 

aluminum reagent.1c,14,18 On the other hand, the molecular weight distribution remained 

narrow (Mw/Mn = 2.2 to 3.0) across the range of Al/Co ratios; their GPC curves further 

illustrate this behavior (Fig. 3). 

 

Fig. 3 GPC curves for the polyethylenes obtained using Co4/MAO with various Al/Co 

ratios (10 atm of ethylene, 30 °C and 30 minute run time)  

Secondly, the influence of temperature on the polymerization using Co4/MAO was 
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investigated with the Al/Co molar ratio set at 1500 (entries 3 and 8 – 12, Table 2). On 

raising the temperature from 20 to 70 °C, a peak in activity at 2.89 × 106 g PE mol-1(Co) 

h-1 was observed at 30 °C (entry 3, Table 2). Above 30 oC the activity steadily drops 

reaching a minimum at 70 oC of 1.41 × 106 g PE mol-1(Co) h-1. Inspection of the GPC 

curves, shown in Fig. 4, illustrates how the Mw steadily declines from 463.7 to 84.1 kg 

mol-1 as the temperature is raised from 20 to 70 oC, an observation that can be accredited 

to either increased chain transfer to aluminum or chain termination by β-H elimination at 

the higher temperatures.1c,8f,12c,12d Meanwhile, the molecular weight distribution remained 

relatively narrow (2.9 – 4.4) over the temperature range consistent with an active species 

displaying single-site behavior.  

 

Fig. 4. GPC curves for the polyethylenes obtained using Co4/MAO at different reaction 

temperatures (10 atm of ethylene, Al/Co ratio = 1500 and 30 minute run time)   

Thirdly, the lifetime of the Co4/MAO catalyst was probed by conducting the 

polymerization over 15, 30, 45 and 60 minute run times (entries 3 and 13–15, Table 2). 

The highest activity (3.14 × 106 g PE mol-1(Co) h-1) was achieved after 15 minutes which 

can be attributed to the active species being rapidly formed after the addition of MAO 
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and then gradually deactivating (entry 13, Table 2).14a,19 Nevertheless, there were 

sufficient active species over the longer run times leading to longer chains and in-turn a 

gradual increase in the molecular weight of the resultant polymeric material (Fig. 5). A 

modest increase in the molecular weight distribution (from 2.1 to 3.7) was also observed 

over more extended run times. On lowering the ethylene pressure from 10 to 5 

atmospheres a dramatic drop in catalytic activity was evident (entries 16 vs. 3, Table 2), 

while under 1 atmosphere of ethylene only trace amounts of polymer were detectable 

(entry 17, Table 2). 

 

Fig. 5. GPC curves for the polyethylenes obtained using Co4/MAO at different run times 

(10 atm of ethylene, Al/Co ratio = 1500 and at 30 °C)  

Finally, the remaining four pre-catalysts, Co1 – Co3 and Co5, were screened for 

ethylene polymerization employing the optimized conditions established for Co4/MAO 

(viz., Al/Co = 1500, run temperature = 30 oC). Collectively, all the cobalt catalysts 

exhibited high activities (range: 0.57 – 2.89 × 106 g PE mol-1(Co) h-1; entries 3, 18 – 21, 

Table 2) and were found to decrease in the order: Co4 (2,4,6-trimethyl) > Co5 

(2,6-diethyl-4-methyl) > Co1 (2,6-dimethyl) > Co2 (2,6-diethyl) > Co3 (2,6-diisopropyl). 

Clearly both steric and electronic effects imparted by the ligand influence catalytic 
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performance.1,10b,14a,20 With regard to steric properties, an increase in the steric bulk of the 

ligands leads to a reduction in the activity with the most hindered system Co3 showing 

the lowest activity of the series. On other hand Co3 gave the polymer with the highest 

molecular weight (539.1 kg mol-1, entry 20 in Table 2), which highlights the role played 

by the bulky substituent in inhibiting chain transfer during the polymerization.1,4,10-14 

Meanwhile, the observation that Co4 (2,4,6-trimethyl) is more active than Co1 

(2,6-dimethyl) (entries 3 and 18, Table 2) and Co5 (2,6-diethyl-4-methyl) more active 

than Co2 (2,6-diethyl) (entries 19 and 20, Table 2) highlights the electronic effect played 

by the para-methyl group on catalytic activity; the improved solubility of these 

para-methyl species in the polymerization solvent is also a plausible contributing 

factor.3k,10,14a,b Once again, all the polyethylenes obtained display characteristically 

narrow polydispersity (PDI = 2.6 – 3.5) and high melting temperatures (~135 oC) with 

sharp endotherm peaks in their DSC traces (see SI); the latter characteristic of highly 

linear materials. To support this conclusion, a sample of the polyethylene obtained using 

Co4/MAO (entry 3, Table 2) was characterized by 13C NMR spectroscopy (recorded in 

1,1,2,2-[D2] tetrachloroethane at 135 °C). The spectrum revealed one singlet peak around 

δ 30.00 (Fig. S5) assignable to the –(CH2)n– repeat unit of a linear polyethylene.11b,13a,14c  

In comparison with previously reported cobalt pre-catalysts such as A, B, D and E 

(Chart 2),1,10b,12b-c,13 the current systems, Co1 - Co5, under comparable polymerization 

conditions (namely MAO as co-catalyst and 10 atmospheres of ethylene pressure), 

exhibit relatively lower catalytic activity and indeed similar to that reported for the 
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doubly fused F-type pre-catalyst (Chart 2). On the other hand, the resulting polymers 

formed using Co1 – Co5/MAO exhibit the highest molecular weight (range: 379.4 – 

539.1 kg mol-1) of the series. It is uncertain as to the origin of this variation but may be 

due to the reduced ring tension present within the two eight-membered rings in Co1 – 

Co5 causing the rate of chain transfer to decrease and hence encouraging chain growth.  

 

Chart 2 Comparison of the Mw, PDI and activity of previously reported cobalt 

pre-catalysts (A – F) with MAO as activator under related conditions 
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2
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Cl Cl

Mw(g/mol)  3.20 x 103           4.64 x 103

PDI            1.8                      2.2 
Activity       8.20 x 106              8.65 x 106    

(gPE/mol(Co)/h)

Mw (g/mol)   3.73 x 105 
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Activity         2.89 x 105

(gPE/mol(Co)/h)

N
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Ar ArCo
Cl Cl

C11a

N
N N

Ar ArCo
Cl Cl

B10b

Mw (g/mol)  910
PDI            1.5
Activity       1.09 x 107

(gPE/mol(Co)/h)

E13

N
N N

Ar ArCo
Cl Cl

Mw(g/mol)       930
PDI                 1.5
Activity            2.54 x 107

(gPE/mol(Co)/h)

A1 A2

D1 D2

 

Using Co1 – Co5/MMAO. To complement the study performed using MAO as 

co-catalyst, we also explored the activation of Co1 – Co5 using MMAO; the results are 

collected in Table 3. As before the optimization of the polymerization conditions was 

performed using Co4 with the pressure of ethylene in the initial screen set at 10 
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atmospheres and the run temperature at 30 oC. On varying the Al/Co molar ratio from 

1000 to 3000 (entries 1 – 7, Table 3), a maximum in catalytic activity was achieved of 

1.58 × 106 g PE mol−1(Co) h−1 with the ratio at 1750. It was also evident that the 

molecular weight of the polymers decreased markedly from 120.7 to 48.4 kg mol−1 as the 

Al/Co molar ratio was increased. A further striking feature was the variation in the 

molecular weight distribution (2.8 to 17.6) which became particularly broad when the 

Al/Co ratio was raised above 1500 (entries 1 − 7, Table 3). This broadening of the PDI 

represents quite different behavior to that observed with Co4/MAO but resembles that 

noted for A- and B-type iron pre-catalysts10a and some bimetallic cobalt complexes.20 

Indeed, given the observation of two Mp peaks (peak 1 and peak 2) in their GPC curves 

(Fig. 6), the distribution becomes bimodal as the amount of co-catalyst is increased with 

the lower molecular weight fraction becoming more significant with larger amounts of 

MMAO (Fig. 6).  

 

Fig. 6 GPC curves for the polyethylenes obtained using Co4/MMAO with various Al/Co 

ratios (10 atm of ethylene, 30 °C and 30 minute run time)  
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These results are consistent with chain transfer to aluminum playing an important role 

in the generation of the lower molecular weight fraction (vide infra).1c,10a Surprisingly, the 

appearance of a lower molecular weight fraction with large amounts of MAO was not a 

feature in the earlier Co4/MAO runs (see Fig. 3). A plausible explanation for this 

difference in behavior may derive from higher amounts of AlMe3 that are present in 

commercial samples of MMAO as compared to that in MAO. This higher concentration 

would then lead to an increase in the rate of chain transfer and in-turn a reduction in 

chain propagation. 

Table 3 Ethylene polymerization results using Co1 – Co5/MMAOa 

Entry Pre

-cat 

Al/Co T (oC) t (min) Yield 

(g) 

Act.b Mpc Mwc Mw/Mnc Tmd (oC ) 

peak 1 % peak 2% 

1 Co4 1000 30 30 2.20 1.47 63.9 (100%) - 120.7 2.8 134.9 

2 Co4 1250 30 30 2.25 1.50 60.2 (100%) - 119.6 2.8 134.6 

3 Co4 1500 30 30 2.31 1.54 43.3 (100%) - 86.4 4.9 134.4 

4 Co4 1750 30 30 2.38 1.58 40.5 (95%) 2.4 (5%) 82.7 9.1 134.2 

5 Co4 2000 30 30 2.06 1.37 36.2 (88%) 3.6 (11%) 77.8 9.4 133.9 

6 Co4 2500 30 30 1.75 1.16 24.4 (78%) 5.1 (21%) 52.9 13.0 133.8 

7 Co4 3000 30 30 1.70 1.13 21.3 (63%) 6.6 (37%) 48.4 17.6 133.5 

8 Co4 1750 20 30 2.35 1.57 98.3 (96%) 2.2 (4%) 101.5 5.6 135.7 

9 Co4 1750 40 30 4.05 2.70 52.5 (88%) 2.7 (12%) 78.3 15.0 131.2 

10 Co4 1750 50 30 4.80 3.20 48.6 (72%) 2.5 (28%) 74.7 20.2 131.4 

11 Co4 1750 60 30 4.00 2.67 62.4 (63%) 1.5 (37%) 71.3 21.1 130.6 

12 Co4 1750 80 30 3.40 2.26 42.1 (45%) 1.4 (55%) 69.5 22.7 130.6 
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13 Co4 1750 50 5 1.65 6.60 35.6 (22%) 1.6 (78%) 52.4 23.8 128.6 

14 Co4 1750 50 15 3.42 4.56 51.2 (36%) 42.8 (64%) 59.9 22.3 130.5 

15 Co4 1750 50 45 4.95 2.20 64.4 (62%) 2.6 (38%) 79.6 22.9 131.6 

16 Co4 1750 50 60 5.15 1.72 72.3 (70%) 21.3 (30%) 90.8 22.3 131.9 

17e Co4 1750 50 30 2.90 1.90 34.2 (76%) 1.3 (24%) 53.0 13.0 131.0 

18f Co4 1750 50 30 0.10 0.07 19.5 (82%) 3.5 (18%) 39.6 10.1 126.3 

19 Co1 1750 50 30 5.43 3.62 52.2 (64%) 1.2 (36%) 69.8 20.1 130.5 

20 Co2 1750 50 30 4.75 3.16 69.1 (70%) 2.4 (30%) 108.8 22.1 132.1 

21 Co3 1750 50 30 2.12 1.41 90.2 (89%) 2.7 (11%) 124.5 19.4 133.5 

22 Co5 1750 50 30 3.73 2.48 85.3 (71%) 2.5 (29%) 112.3 22.9 133.3 

a Conditions: 3.0 μmol of Co4; 100 mL toluene, 10 atm ethylene. 30 min, b Values in units of 106 g(PE) mol-1 (Co) h-1. c 

Determined by GPC, Mp and Mw: kg mol−1. d Determined by DSC. e 5 atm ethylene. f1 atm ethylene. 

 

With the Al/Co molar ratio fixed at 1750, Co4/MMAO was screened at temperatures 

between 20 and 60 oC and additionally at 80 oC (entries 4 and 8 – 12, Table 3). The 

highest activity of 3.20 × 106 g PE mol–1 (Co) h–1 was achieved at 50 °C (entry 10, Table 

3) above which the performance gradually dropped off. Nonetheless, even at 80 °C, the 

activity still remained higher (up to 2.26 × 106 g PE mol–1 (Co) h–1) than that observed by 

the F-type cobalt counterparts (Chart 1).12c The molecular weight of the polymers was 

found to decrease from 101.5 to 69.5 kg mol-1 on raising the temperature which was 

accompanied by a broadening in the molecular weight distribution (5.6 to 22.7) (entries 4 

and 8 – 12, Table 3). Indeed, the presence of two Mp peaks (peak 1 and peak 2) in their 

GPC curves (Fig. 7) supports a bimodal distribution for the polymers across the entire 
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temperature range with the lower molecular weight fraction becoming the major 

component at higher temperature (Fig. 7); an observation attributable to the difference in 

rates of chain termination of the two likely competing processes.  

 

Fig. 7. GPC curves for the polyethylenes obtained using Co4/MMAO at different 

reaction temperatures (10 atm of ethylene, Al/Co ratio = 1750 and 30 minute run time) 

To explore the lifetime of the active species derived from Co4/MMAO, the 

polymerization runs were conducted over 5, 15, 30, 45 and 60 minutes (entries 10 and 13 

– 16, Table 3) with the Al/Co ratio at 1750 and the temperature at 50 oC. The highest 

activity of 6.60 × 106 g PE mol-1 (Co) h-1 was observed after 5 minutes (entry 13, Table 3). 

Indeed, the activity was more than twice that observed after 30 minutes (entry 4, Table 3), 

which highlights both the rate at which the active species was generated after MMAO 

addition and also the onset of catalyst deactivation over time.14a,19
 Meanwhile, the activity 

gradually decreased as the run time was increased from 5 to 60 minutes; this behavior is 

consistent with previous reports.4a,b,14a Again two Mp peaks (peak 1 and peak 2) in the 

GPC curves (Fig. 8) were apparent consistent with bimodal distributions for all the 
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polymers with the higher molecular weight fraction becoming the major component with 

more extended run times (Fig. 8). To examine any potential induction period for the 

polymerization, a 1 minute run was additionally performed (See SI). Indeed this run 

displayed the highest activity (8.2 × 106 g PE mol-1 (Co) h-1), a finding that is consistent 

with no induction period. With regard to the ethylene pressure, the activity was found to 

drop by more than a half when lowered from 10 to 5 atmospheres (entries 17 vs. 7, Table 

3); at 1 atmosphere only trace amounts of polymer could be detected (entry 18, Table 3). 

 

Fig. 8. GPC curves for the polyethylenes obtained using Co4/MMAO at different 

reaction times (10 atm of ethylene, Al/Co ratio = 1750 and at 50 °C) 

Using the optimized conditions established for Co4/MMAO (i.e., Al/Co ratio of 1750, 

run temperature = 50 °C), Co1 – Co3 and Co5 were additionally screened for ethylene 

polymerization. All these MMAO-promoted systems showed high activities (entries 10 

and 19 – 22, Table 3) and indeed generally higher values (1.41 – 3.62 × 106 g PE mol–1 

(Co) h–1) than that observed with MAO as co-catalyst (0.57 – 2.89 × 106 g PE mol–1 (Co) 

h–1) (entries 3 and 18 – 21, Table 2). In terms of their relative catalytic performance the 
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activities were found to fall in the order Co1 (2,6-dimethyl) > Co4 (2,4,6-trimethyl) > 

Co2 (2,6-diethyl) > Co5 (2,6-diethyl-4-methyl) > Co3 (2,6-diisopropyl), which reveals 

some differences to that seen with MAO. In particular, the para-methyl-containing 

pre-catalysts Co4 and Co5 are now less active than their proton-containing counterparts, 

Co1 and Co2, suggesting a negative effect of the electron donating methyl group and no 

beneficial solubility effects on the activity.3h,10a,12a,13,22 Otherwise, similar steric factors 

are at play with increased hindrance of the N-aryl group substituents leading to less active 

catalysts. As with the MAO study, the most hindered pre-catalyst Co3 (2,6-diisopropyl) 

displayed the lowest activity but produced polyethylene with the highest molecular 

weight (entry 21, Table 3); similar findings have been reported for cobalt-containing C, D 

and F (Chart 1).12,13 The melt temperatures of all the polymers were found to fall in the 

range 126.5 – 135.7 oC, values quite typical of highly linear polyethylenes. On 

comparison of the DSC curves of the polymers obtained using MAO, the melting 

endotherms of MMAO-derived polymers exhibit, in most cases, slightly broader 

endotherms (Fig S42 – S49); an observation that is consistent with these polymers 

displaying broader molecular weight distributions. Further support for the linearity of the 

materials was provided by the high temperature 13C NMR data for the polymer obtained 

using Co4/MMAO (entry 10, Table 3), in which a high intensity singlet at δ 29.96 

supports the presence of equivalent -(CH2)n- repeat units (Fig. S11).10-14 Interestingly, 

lower intensity peaks at δ 32.22, 22.92 and 14.24 corresponding to n-propyl end-groups 

are also detectable (peaks 1 - 3 in insert to Fig. 10).3n By contrast, there is no evidence for 
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peaks corresponding to iso-butyl end-groups, precluding chain transfer to Al(i-Bu)3 and 

its derivatives present in MMAO.3n Furthermore, no peaks attributable to unsaturated 

chain ends could be identified which may suggest the absence of termination via β-H 

elimination. Therefore, it would be appear that the bimodal polymer generated using 

Co4/MMAO (entry 10, Table 3) contains substantial amounts of saturated chain ends 

formed through transfer to selectively AlMe3 and its derivatives present in MMAO.2b,c  

To further probe the chain-end types, we also recorded the 13C NMR spectra of 

polymers obtained at 1000 (entry 1, Table 3) and 3000 (entry 7, Table 3) equivalents of 

MMAO (with Co4 a pre-catalyst) in which distinct mono- and bimodal behavior had 

been observed, respectively (Fig. S12). Examination of the spectrum of the bimodal 

polymer (3000 equivalents) showed the -(CH2)n- repeat unit as a singlet at δ 29.96 

flanked by lower intensity peaks at 32.22, 22.92 and 14.24 corresponding to n-propyl 

end-groups (peaks 1 – 3 in Fig. S12) as seen earlier. Unfortunately, the spectrum of the 

higher molecular weight monomodal polymer (1000 equivalents) revealed only a peak 

for the -(CH2)n- repeat unit and no reliable information regarding the chain end types (Fig. 

S12).10-14  

 

CONCLUSIONS 

A one-pot template approach has been successfully employed to generate the cobalt(II) 

chloride chelates, Co1 – Co5, each bearing the ring-fused α,α′-bis(arylimino)-2,3:5,6- 

bis(hexamethylene)pyridine ligand that differs in the substitution pattern of the N-aryl 
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group. On activation with MMAO or MAO, all the pre-catalysts exhibited high activity 

towards ethylene polymerization and produced highly linear polyethylenes. The Co1 – 

Co5/MAO systems generally gave higher molecular weights than their Co1 – 

Co5/MMAO counterparts. By contrast, the Co1 – Co5/MMAO systems generally 

exhibited better activities than with Co1 – Co5/MAO, but displayed broader and in many 

cases bimodal distributions. In terms of the steric and electronic properties of the 

pre-catalysts, the complexes containing less bulky N-aryl groups favored higher activities 

while the bulkier derivatives gave higher molecular weights. Unexpectedly, the presence 

of a para-methyl groups in Co4 and Co5 has a positive effect of on the catalytic activity 

with MAO but negative effect with MMAO.  

 

EXPERIMENTAL SECTION 

General Considerations: All manipulations involving air- and moisture-sensitive 

compounds were carried out under nitrogen atmosphere using standard Schlenk 

techniques. Toluene was heated to reflux over sodium and distilled under nitrogen prior 

to use. MAO (1.46 M solution in toluene) and MMAO (1.93 M in n-heptane) were 

purchased from Akzo Nobel Corp. High-purity ethylene was purchased from Beijing 

Yansan Petrochemical Co. and used as received. Other reagents were purchased from 

Aldrich, Acros or local suppliers. NMR spectra were recorded with a Bruker DMX 500, 

and 600 MHz instrument at ambient temperature using TMS as internal standard. The 

magnetic susceptibility measurements were recorded according to the NMR method 
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described by Evans.3b,17  IR spectra were recorded with a PerkinElmer System 2000 

FTIR spectrometer. Elemental analysis was carried out with a Flash EA 1112 

microanalyzer. Molecular weights and molecular weight distributions of the polymers 

were determined with an Agilent PLGPC 220 GPC system at 150 °C, with 

1,2,4-trichlorobenzene as solvent. The melting points of the polyethylenes were measured 

from the fourth scanning run on a PerkinElmer TA-Q2000 differential scanning 

calorimeter under a nitrogen atmosphere. A sample of about 5.0 mg was heated to 160 °C 

at a rate of 20 °C min–1, maintained for 2 min at 160 °C to remove the thermal history 

and then cooled to – 40 °C at a rate of 20 °C min–1. 13C NMR spectra of the 

polyethylenes were recorded with a Bruker DMX 300 MHz instrument at 135 °C in 

1,1,2,2-[D2]-tetrachloroethane with TMS as internal standard.  

 

Preparation of 2,3:5,6-bis(hexamethylene)pyridine  

Based on a literature procedure,16a a mixture of cyclooctanone (252.0 g, 2.00 mol), 

morpholine (348.0 g, 4.00 mol) and p-toluenesulfonic acid (25.0 g) in freshly distilled 

toluene (750 mL) was placed in a 2 L round-bottom flask fitted with a Dean-Stark water 

separator and stirred at reflux for 60 h. After removal of a pre-determined amount of 

water (~ 36 mL H2O), the reaction was stopped and the solvent removed under reduced 

pressure to give a thick solid mass (400 g). This crude product was then combined with 

paraformaldehyde (37.5 g, 0.42 mol) in 1,4-dioxane (600 mL) and stirred at reflux for 12 

h in a 2 L round-bottom flask. On cooling to room temperature the reaction mixture was 
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cooled and acidified with 5 N HCl, the aqueous layer extracted with CH2Cl2 (3 × 300 mL) 

and the combined organic layers washed with water (2 × 100 mL) and dried over 

anhydrous Na2SO4. Following solvent evaporation, the residue was distilled [~10 mmHg, 

98 °C] to give the crude product (360 g). This material was then treated with NH4OAc 

(210.0 g, 2.77 mol) in AcOH (500 mL) and stirred at reflux for 18 h in a 2 L 

round-bottom flask. The solution was cooled, made basic with a 50% aqueous NaOH 

solution and then extracted with CH2C12 (3 × 400 mL). The combined organic layers 

were washed with water (2 × 100 mL) and dried over anhydrous MgSO4. Evaporation of 

the solvent gave 250 g of a dark oil which was treated with acetone (600 mL) and the 

mixture stirred at 0 °C for 30 min to give a white precipitate. The precipitate was filtered 

affording 2,3:5,6-bis(hexamethylene)pyridine as a white solid (63.3 g, 26%). Mp: 

108-109 oC. The chemical shifts of all the signals in the NMR spectra are consistent with 

those reported by Thummel and Jahng.16a 1H NMR (500 MHz, CDCl3, TMS): 7.07 (s, 1H, 

Ar-H), 2.92 (dd, 4 H, J = 5.3, 6.6 Hz, Ar CH, Py-CH2 × 2 ), 2.70 (dd, 4 H, J = 5.1, 6.6 Hz, 

Ar-CH2 × 2), 1.86 – 1.54 (m, 8H, PyCH2-CH2 × 2 and ArCH2-CH2 × 2), 1.42 – 1.24 (m, 

8H, CH2 × 4). 13C{1H} NMR (125 MHz, CDCl3, TMS) δ 157.88, 137.29, 133.59, 34.06, 

32.29, 31.47, 30.84, 26.06, 25.96. Anal. Calcd for C17H25N (243.20): C, 83.89, H, 10.35, 

N, 5.75%; found C, 83.86, H 10.36, N 5.74%. 

 

Preparation of α,α′-dioxo-2,3:5,6-bis(hexamethylene)pyridine 

Based on a literature procedure,16a a mixture of 2,3:5,6-bis(hexamethylene)pyridine 
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(24.30 g, 0.10 mol), benzaldehyde (106.00 g, 1.00 mol) and acetic anhydride (81.60 g, 

0.80 mol) was heated at 180 °C for 72 h under an atmosphere of nitrogen. The mixture 

was then cooled to room temperature and the solvent evaporated under reduced pressure 

to give a residue that was dissolved in dry CH2Cl2 (500 mL). The resulting solution was 

cooled to –40 °C using a low temperature cold trap and ozone/oxygen bubbled through 

the solution for 3 h until a light yellow color remained. The ozone addition was ceased 

and oxygen alone was bubbled through the solution for a further 10 min. so as to purge 

out the remaining ozone. Me2S (10 mL) was added and mixture then warmed to room 

temperature and stirred for 2 h. The solution was concentrated under reduced pressure 

and the residue diluted with CH2Cl2 (250 mL), washed with water (2 × 50 mL) and dried 

over anhydrous MgSO4. Following filtration the mixture was evaporated under reduced 

pressure to give a solid residue which was purified by chromatography on silica gel with 

petroleum ether/ethyl acetate (v:v = 1:1) as eluent. The title compound was obtained as a 

light yellow powder (6.77 g, 25%). Mp: 103 – 104 oC. The chemical shifts of all the 

signals in the NMR spectra are consistent with those reported by Thummel and Jahng.16a 

1H NMR (500 MHz, CDCl3, TMS) δ 7.32 (s, 1H, Ar-H), 2.83 – 2.75 (m, 8H, Ar-CH2 × 2 

and CO-CH2 × 2), 1.76 (tt, J = 12.4, 6.5 Hz, 8H, ArCH2-CH2 × 2 and COCH2-CH2 × 2), 

1.63 – 1.58 (m, 4H, CH2× 2). 13C{1H} NMR (125 MHz, CDCl3, TMS) δ 208.84 (C=O), 

154.89, 138.99, 134.36, 44.90, 31.01, 28.32, 27.07, 23.23. Anal. Calcd for C17H21NO2 

(271.35): C, 75.24, H, 7.80, N, 5.16%; found C 75.12, H 7.70, N 5.09%. 
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Preparation of [2,3:5,6-{C5H10C(NAr)}2C5HN]CoCl2 

(a) Ar = 2,6-Me2C6H3 (Co1). A suspension of 

α,α′-dioxo-2,3:5,6-bis(hexamethylene)pyridine (0.27 g, 1.0 mmol), 2,6-dimethylaniline 

(0.49 g, 4.0 mmol) and CoCl2·6H2O (0.24 g, 0.90 mol) in glacial acetic acid (15 mL) was 

stirred and heated to reflux for 12 h. On cooling to room temperature, an excess of diethyl 

ether was added to precipitate the crude product which was collected before being 

re-dissolved in methanol (5 mL). The methanol solution was concentrated and the 

product again precipitated with diethyl ether. Following filtration and drying under 

reduced pressure Co1 was obtained as a brown powder (0.50 g, 92%). 1H NMR (600 

MHz, CDCl3) δ 42.16 (1H, Py-Hp), 15.49 (4H, N=CCH2), 13.20 (4H, Ar-Hm), 2.50 – 0.33 

(16H, CH2), -7.36 (2H, Ar-Hp ), -16.43 (12H, Aro-CH3). FT-IR (cm-1): 2965 (w), 2926 

(m), 2859 (w), 1646 (w), 1598 (vC=N, m), 1542 (w), 1447 (s), 1378 (w), 1345 (w), 1253 

(s), 1227 (w), 1202 (w), 1156 (w), 1117 (w), 1073 (w), 1034 (w), 921 (w), 889 (w), 768 

(s). Anal. Calcd for C33H39Cl2N3Co (607.52): C, 65.24, H, 6.47, N, 6.91%; found C 65.14, 

H, 6.42, N, 6.82%. µeff (Evans’ NMR method) = 3.9 µB. 

(b) Ar = 2,6-Et2C6H3 (Co2). Using a one-pot procedure similar to that described for Co1, 

Co2 was obtained as a brown powder (0.54 g, 90%).1H NMR (600 MHz, CDCl3) δ 42.26 

(1H, Py-Hp), 15.25 (4H, N=CCH2), 14.03 (4H, Ar-Hm), 3.14 – 0.76 (16H, CH2), -7.09 

(2H, Ar-Hp), -10.63 (4H, CH2Me), -14.18 (12H, CH3). FT-IR (cm-1): 2964 (w), 2928 (m), 

2860 (w), 1653 (w), 1596 (vC=N, m), 1540 (w), 1456 (s), 1377 (w), 1347 (w), 1252 (s), 

1226 (w), 1199 (w), 1155 (w), 1117 (w), 1066 (w), 1034 (w), 935 (w), 887 (w), 790 (s), 
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755 (s). Anal. Calcd for C37H47Cl2N3Co (663.63): C, 66.96, H, 7.14, N, 6.33%; found C 

66.84, H 6.97, N 6.13%. µeff (Evans’ NMR method) = 4.1 µB 

(c) Ar = 2,6-i-Pr2C6H3 (Co3). Using a one-pot procedure similar to that described for Co1, 

Co3 was obtained as a brown powder (0.58 g, 89%). 1H NMR (600 MHz, CDCl3) δ 41.48 

(1H, Py-Hp), 14.13 (8H, N=CCH2 and Ar-Hm), 4.59 – 0.19 (32H, CH2 and CH3), -5.94 

(2H, Ar-Hp), -14.03 (8H, CH2Me and CH3). FT-IR (cm-1): 2961 (w), 2927 (m), 2864 (w), 

1646 (w), 1597 (vC=N, m), 1558 (w), 1540 (w), 1457 (s), 1386 (w), 1362 (w), 1327 (w), 

1250 (s), 1226 (w), 1194 (w), 1154 (w), 1105 (w), 1057 (w), 1005 (w), 942 (w), 892 (w), 

790 (m), 779 (w), 754 (s). Anal. Calcd for C41H55Cl2N3Co (719.73): C, 68.42, H, 7.70, N, 

5.84%; found: C, 68.22, H, 7.53, N, 5.74%.µeff (Evans’ NMR method) = 4.0 µB 

(d) Ar = 2,4,6-Me3C6H2 (Co4). Using a one-pot procedure similar to that described for 

Co1, Co4 was obtained as a brown powder (0.51 g, 89%). 1H NMR (600 MHz, CDCl3) δ 

41.49 (1H, Py-Hp), 15.36 (4H, N=CCH2), 12.83 (4H, Ar-Hm), 3.78 – 0.83 (16H, CH2), 

-4.84 (6H, Arp-CH3), -15.05 (12H, Aro-CH3). FT-IR (cm-1): 2926 (m), 2860 (w), 1653 

(w), 1596 (vC=N, m), 1558 (w), 1540 (w), 1476 (s), 1447 (s), 1346 (w), 1306 (w), 1251 

(m), 1228 (s), 1212 (w), 1179 (w), 1133 (w), 1072 (w), 1034 (w), 936 (w), 887 (w), 853 

(s), 795 (w), 735 (m). Anal. Calcd for C35H43Cl2N3Co (635.57): C, 66.14, H, 6.82, N, 

6.61% found: C, 66.02, H, 6.62, N, 6.52%. µeff (Evans’ NMR method) = 4.0 µB 

(e) Ar = 2,6-Et2-4-MeC6H2 (Co5). Using a one-pot procedure similar to that described for 

Co1, Co5 was obtained as a brown powder (0.56 g, 90%). 1H NMR (600 MHz, CDCl3) δ 

42.25 (1H, Py-Hp), 15.25 (4H, N=CCH2), 14.04 (4H, Ar-Hm), 4.64 – 0.68 (16H, CH2), 
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-7.07 (6H, Arp-CH3), -10.62 (8H, CH2Me), -14.15 (12H, Aro-CH3). FT-IR (cm-1): 2965 

(w), 2929 (m), 2862 (w), 1653 (w), 1594 (vC=N, m), 1541 (w), 1489 (w), 1457 (s), 1375 

(w), 1338 (w), 1251 (s), 1227 (w), 1209 (w), 1179 (w), 1157 (w), 1068 (w), 1036 (w), 

961 (w), 885 (w), 858 (s), 789 (w), 737 (m). Anal. Calcd for C39H51Cl2N3Co (691.68): C, 

67.72, H, 7.43 N, 6.08% found: C, 67.55, H, 7.26 N, 5.98%. µeff (Evans’ NMR method) = 

4.5 µB 

 

Polymerization studies  

Ethylene polymerization at 5/10 atm ethylene pressure.  

The polymerization at 5 or 10 atm of ethylene pressure was performed in a 

stainless steel autoclave (250 mL) equipped with an ethylene pressure control 

system, a mechanical stirrer and a temperature controller. The autoclave was 

evacuated and refilled with ethylene three times. When the required temperature was 

reached, the complex (3 μmol) was dissolved in toluene (30 mL) in a Schlenk tube then 

injected into the autoclave containing ethylene (~ 1 atm), followed by the addition of 

more toluene (30 mL). The required amount of co-catalyst (MAO and MMAO) and 

additional toluene were added successively by syringe taking the total volume of toluene 

to 100 mL. The autoclave was immediately pressurized with 5/10 atm. pressure of 

ethylene and the stirring commenced. After the required reaction time, the reactor 

was cooled with a water bath and the excess ethylene was vented. The reaction 
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quenched with 10% hydrochloric acid in ethanol. The polymer was collected and 

washed with ethanol and dried under reduced pressure at 50 °C and weighed.  

 

Ethylene polymerization at 1 atm ethylene pressure. The polymerization at 1 atm 

ethylene pressure was carried out in a Schlenk tube. Under ambient ethylene atmosphere 

(1 atm), Co4 (3.0 μmol) was added followed by toluene (30 mL) and then the required 

amount of co-catalyst (MAO, MMAO) introduced by syringe. The solution was then 

stirred at the required temperature under ambient ethylene atmosphere (1 atm). After 30 

min, the solution was quenched with 10% hydrochloric acid in ethanol. The polymer was 

washed with ethanol, dried under reduced pressure at 40 °C and then weighed. 

 

X-ray structure determination 

Single-crystal X-ray diffraction studies of Co2 and Co3 were conducted on a Rigaku 

Sealed Tube CCD (Saturn 724+) diffractometer with graphite-monochromated Mo-Kα 

radiation (λ = 0.71073 Å) at 173(2) K and the cell parameters were obtained by global 

refinement of the positions of all collected reflections. Intensities were corrected for 

Lorentz and polarization effects and empirical absorption. The structures were solved by 

direct methods and refined by full-matrix least-squares on F2. All non-hydrogen atoms 

were refined anisotropically and all hydrogen atoms were placed in calculated positions. 

Structural solution and refinement were performed by using the SHELXTL-97 package.23 

Crystal data and processing parameters for Co2 and Co3 are summarized in supporting 
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information (Table S3). 
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