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ABSTRACT

A series of novel bis(imino)pyridine cobalt(ll) chnides, LCoCJ, with the bis(imino)pyridine
ligands bearing one or several electron-withdrawsngstituents (F, Cl, Br, GJat the aniline
moieties, have been prepared and characterizelle lpresence of methylalumoxane (MAO), these
complexes have demonstrated high ethylene oligd- molymerization activity (up to 1.8-1@
productsimol Co)* h* bar?), affording products ranging from 1-butene aRAgE-2-butenes to
strictly linear low-molecular-weight,, ~ 300...700) polyethylene. The dependence of theticea

outcome on the ligand structure is discussed.
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1. Introduction

The milestone discoveries of Brookhart [1] and albgen [2] established the bis(imino)pyridine
cobalt complexes as highly active post-metalloceatalysts of ethylene polymerization, affording
highly linear polyethylene (PE) with narrow moleamulveight distribution (MWD), characteristic
of “single-site” catalysts [3-8]. The success oé this(imino)pyridine ligand framework inspired
further ligand modifications, retaining the N,N,dftbr chelating core, aimed at tuning the catalytic
properties of cobalt complexes, as well as imprgvireir thermal stability [9,10].

In the last years, we exploited a synthetic apgrdacsingle-site catalysts, relying on the
introduction of electron-withdrawing substituentgoi the ligand structures, which was found to
enhance the catalytic reactivities of nickel(Il)hqaexes toward norbornene polymerization [11,12]
and ethylene oligomerization [13], and providedoaverful tool to manipulate the relative rates of
olefin enchainment and chain termination. Currentlg have been interested in designing highly-
active single-site catalysts for selective ethylemerization, the crucial first step for further
production of commodity plastics and value-addeghaicals [14-20], as well as for the synthesis of
strictly linear polyethylene with low molecular wéit (PE waxes with narrowv MWD), the
precursors to food-grade paraffins, used as compsred food coating compositions [21-24]. In
this work, we have focused on bis(imino)pyridine ased catalysts, owing to their high ethylene
reactivity, sometimes matching that of their Fentegparts, but leading to oligo- and polymeric
products with lower molecular weight [1-10]. Anotltedtractive feature of Co bis(imino)pyridine
based catalysts is the absence of chain transfecotoatalyst, chain termination operating
exclusively by S-hydride transfer, thus ensuring stability of chaimnsfer rate over the
polymerization course and hence narrow moleculaghtedistribution M./M, down to 1.4)
[8,9,25].

Herewith, we report designing a series of cobalt§ls(imino)pyridine complexes, bearing
one or more electron-withdrawing substituents, rthaatalytic activities in ethylene
dimerization/oligomerization/polymerization, andafyze the substituents effects on their catalytic

behavior.



2. Experimental
General experimental details, preparation and chenaation of bis(imino)pyridine ligands with
electron-withdrawing substituents and the corredpancobalt(ll) complexes are reported in the

Supporting Information.

2.1. Ethylene Oligomerization/Polymerization Procedre

The reaction was performed in a steel 0.3 L auweclahe catalyst was introduced into the
autoclave in a vacuum-sealed glass ampoule. Tltoreaas evacuated at 80 °C, cooled to 20 °C
and charged with the solution of MAO (1 mmol Al)tmluene. After setting up the temperature and
ethylene pressure, the reaction was started byimgéhe ampoule with the complex. During the
reaction, ethylene pressure, stirring speed andpdesture were maintained constant. The
experimental unit was equipped with an automatimmater-controlled system for ethylene feed
and the ethylene consumption recording. The catadyitivity values were calculated based on the

ethylene consumption.

2.2. Analysis of Oligomeric and Polymeric Products
After the catalytic experiment ended, an aliquothaf oligomerization products in toluene (0.6 ml)
was quickly taken by a gastight syringe througheehmnical hole of the reactor lid, and was
immediately transferred to the 5 mm o.d. glass NMBe, capped with a septum stopper. The
relative content of ethylene oligomers was deteeaiiby*C NMR. *H and**C NMR spectra of
oligomeric mixtures were recorded on a Bruker D R1Hz NMR spectrometer (at 250.130 and
62.90 MHz) at room temperature.

With regard to the polyethylene analysis, typical0-100 mg of dry polymer were
dissolved in 3 ml of 1,2-dichlorobenzene at 140-160 The'H and*C NMR spectra of linear
polyethylene were recorded on a Bruker Avance-408zMNMR spectrometer (at 400.130 and

100.613 MHz, respectively) in 1,2-dichlorobenzenh&@0 °C using 10 mm o.d. glass NMR tubes.



3. Results and Discussion

3.1. Synthesis and Characterization of Bis(imino)pydine Ligands and Cobalt(ll) Complexes
Cobalt(ll) bis(imino)pyridine complexes were pregérin good yields (typically 62-95 %) by
mixing the corresponding chelating ligands with GaZH,0 in THF under an argon atmosphere
for 5-24 h (SI). Overall, 13 cobalt complexes (Sukel) were synthesized and characterized by
elemental analysis andH NMR spectroscopy. All complexes contained cobilt(d’
configuration) in high-spin stat&S€ 3/2) and displayed well informative paramagnéticNMR
spectra from the chelating ligands, with the pamgmetic shifts ranging from 100 to -65 ppm
(Figure S1, Sl). We notice that some cobalt(ll)(im&o)pyridine complexes containing alkyl
[1,2,26-32] , bulky aromatic [33-37], both alkyl caelectron-withdrawing [38-43], only electron-
withdrawing [44-49] substituents at the aniline @gtm@s, and supported cobalt(ll)
bis(imino)pyridine complexes [50-52] were reporteckviously by others and were studied as
catalysts of ethylene polymerization or oligometiza in the presence of MAO, MMAO, AlMg

B(CeFs)a/AlMes, B(CsFs)y/Al Bus, AIEt/[PhC][AI(OtBUR)].

Complex R R, Rs R, Rs X

1 H H F H H | /

2 H H Br H H s N R
3 cl H F H H Rs N--=--Co---=-N R
4 F H H H H ! %

5 H Cl H Cl H R R, Ry Rs3
6 Ck H H H H R, R,

7 H F H F H

8 CR H F H H

9 H CR F H H

10 F H F H F

11 cl H H H Cl

12 H Cl H H H

13 Br H H H H

14 Me H H H Me

Scheme 1Structure of cobalt(ll) complexds14.

3.2. Ethylene Oligomerization on Bis(imino)pyridineCobalt(ll) Complexes



The reactivity of complexed-13 toward ethylene was examined, using MAO as adivetor
comparison, the ‘reference’ 2,6-dimethyl substdut®emplex14 (Scheme 1) [1] was tested under
the same conditions. The obtained data are sumeadbinzTable 1.

Complexest, 8, and11, bearing eithepo-CF; substituent or twam-Cl substituents at each
aromatic ring, demonstrated the highest catalyttovidies, affording, predominantly, a mixture of
C4-C12+ Oligomers (17-19 wt. %), along with low-moleculaeight polyethylene (81-83 wt. %,
Table 1, entries 6, 8, 11, and Table 2, entrie$. IR3comparison, reference complé4 showed
somewhat lower activity, yielding higher-moleculaeight linear PE as the only reaction product

(Table 1, entry 14, and Table 2, entry 4).

Table 1 Oligomerization of ethylene in the presence dfatbcomplexed-14. 2

Entry Catalyst Time, min Activity Products
1 1 6 0.310° 1-butene
2 2 15 1.310° 1-buteneZ E-2-butene
3 3 15 6:10° oligomersC,
4 4 15 2.510° 1-butene Z,E-2-butene
5 5 15 1.810° 1-butene Z,E-2-butene
6 6 15 7.210° oligomersC4-C124, linear PE
7 7 15 2.91¢° 1-butene Z,E-2-butene
8 8 15 11.010° oligomersC,-C12+, linear PE
9 9 10 1.410° 1-butene Z,E-2-butene
10 10 15 0.610° 1-butene
11 11 15 18.210° oligomersC,-C1+, linear PE
12 12 15 4.710° 1-butene Z,E-2-butene
13 13 15 2.310° 1-butene
14 14 15 2.410° linear PE

& Conditions: Cobalt complex, Anol, toluene, 50 mL, MAO (Al/Co = 500/1), ethylepgessure 2
bar, T = 35°C. ” In g product§mol Co)* h* bar.

In all cases, the ratio of GHand CH=CH polymer end groups was close to 1:1 (Table 2),
thus witnessing tha#-hydride transfer is the only chain terminationhpedy. The polyethylenii,
reduces when passing froBn(one o-CF; substituent) td (0-CF; substituent ang-F substituent)
and further toll (two electron-withdrawing-Cl substituents). Tentatively, this trend, dictatey

the increasing propensity @®H transfer in the orde <8 <11, may be ascribed to an increase of



overall cobalt electrophilicity in the same ord8IC NMR analysis of the oligomeric fractions,
obtained in the presence of compleges8, 11, witnessed the presence of linear oligomers (Table

3). The share of 1-butene decreases in the érdér> 11.

Table 2 *C NMR characterization of PE obtained on compless 11, 14.

Entry Catalyst mPE(g) M, End-groups (per PE molecule)  PE/Oligomers
CH; CH,=CH (wt. %)
1 6 1.28 690 11 0.9 17.5/82.5
2 8 2.07 390 11 0.9 19.3/80.7
3 11 3.32 300 1.0 1.0 17.7/82.3
4 14 2.66 1300 1.1 0.9 100/0

2 Determined by°C NMR.

Table 3. Analysis of oligomeric products obtained on cgdtd6, 8, 11.

Entry Catalyst 1-Butene 1-Hexene 1-Octene 1-Decene 1-Dodecen&?
(mol. %) (mol. %) (mol. %) (mol. %) (mol. %)
1 6 29.5 22.0 14.5 10.0 24.0
2 8 22.0 21.0 15.5 12.0 29.5
3 11 16.0 20.5 17.5 14.5 31.5

& C12 and higher oligomers, soluble in toluene.

High activity was demonstrated by compleXgs/, 9, 12, bearing one or several electron-
withdrawingm-substituents (Table 1), and By4, 13 (Table 1), having one-halogen substituent.
Complexesl and2, with p-halogen substituents, ad®, with o,p-F substituted ligands (Table 1),
were less active. In all cases, the only reactraalypcts were Coligomers, predominantly 1-butene
(Table 4). Catalysi3 was most selective for 1-butene (Table 4, entjy dher complexes without
o-substituents 1, 2), one o-halogen substituent3( 4) or with m,p-substituents I, 2, 5, 9 also
showed high 1-butene selectivities (82-88.5 %) (@db entries 1-5,7).

On the contrarym-substituted complexes and12 afforded higher share of 2-butenes, with
E-2-butene prevailing ovef-2-butene (Table 4, entries 6 and 9). This reduwins that in case of
less sterically demanding complexeéand12, 2,1-reinsertion of the initially formed 1-butemwath
subsequentcis-trans conformational rearrangement an@H elimination (Scheme 2), is

substantially facilitated. At the same time, githe thermodynamic parameters of the geometrical



Isomerization ofZ-2-butene tdE-2-butene [53], the calculated equilibrium const@atrresponding

to E-2-buteneZ-2-butene molar ratio) at +35 °C should have valu8.0...3.1. The experimentally
observed [EJ/[Z] ratios, not exceeding 2.2 (Table 4), do not apphothe predicted equilibrium
value, which points to kinetic control of the profpon of Z- andE-2-butenes formed in our catalyst

systems.

Table 4. Composition of G fractions, obtained on cobalt compleXe®, 3, 4,5, 7,9, 10,12, 13. ¢

Entry Catalyst 1-Butene (mol. %) Z-2-Butene (mol. %) E-2-Butene (mol. %)
1 1 n.d.” n.d.” n.d.”
2 2 88.5 6.5 5.0
3 3 87.0 9.5 3.5
4 4 82.0 115 6.5
5 5 85.0 6.0 9.0
6 7 71.0 10.0 19.0
7 9 85.0 6.5 8.5
8 10 n.d.” n.d.’ n.d.’
9 12 58.5 13.0 28.5
10 13 >08 =2 -

2 Results of3C NMR analysis of the reaction mixtufelNot determined: concentration of 1-butene

and 2-butenes was insufficient for quantitai\®@ NMR measurements.

Y

1-butene

N

LCo. i. e’ = — LCO{SHK\ ——  LCG

\—/

B-H-elimination H
Z-2-butene

\:\

E-2-butene

2,1-reinsertion

Scheme 2Proposed scheme of 1-bute#e?-butene, andk-2-butene formation in the presence of
Co complexes.



4. Conclusions

A family of cobalt(ll) bis(imino)pyridine complexesLCoChL, bearing electron-withdrawing
substituents (F, Cl, Br, GF at the aniline moieties, were prepared and fotmexhibit high
ethylene oligomerization/polymerization activities to 1.8-10g products*(mol C6j h* bar') in

the presence of MAO. The highest catalytic actdgitivere demonstrated by cobalt complexes with
electron-withdrawing-substituents (Cl, GIr. Depending on the nature and number of the electr
withdrawing groups, the process selectivity vaffiesn dimerization (with the selectivity to 1-
butene up to 98 %) to oligomerizationsC;.), with accompanying formation of strictly linear
low-molecular-weight polyethylene (the share of &fproaching 19 wt. %). One of the complexes,
12, bearing onen-Cl substituent at the aryl ring, catalyzed ethglelimerization to a mixture of 1-
butene and 2-butenes (58:42), reflecting signiticamtribution of double bond migration process.
Analysis of polyethylene end groups gives evidefme Shydride transfer as the only chain

termination pathway.
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