Chinese Journal of

POLYMER SCIENCE

https://doi.org/10.1007/s10118-018-2097-8
Chinese J. Polym. Sci. 2018, 36, 943-952

Mono- and Binuclear Cobalt(II) Complexes Supported by Quinoline-2-

imidate Ligands: Synthesis, Characterization, and 1,3-Butadiene

Polymerization

Heng Liu?, Rui Zhuang®®, Bo Dong®¢, Feng Wang?, Yan-Ming Hu?*, and Xue-Quan Zhang®*

2 CAS Key Laboratory of Synthetic Rubber, Changchun Institute of Applied Chemistry, Chinese Academy of Sciences, Changchun 130022, China

Y University of Chinese Academy of Sciences, Beijing 100049, China

¢ College of Materials Science and Engineering, Jilin University, Changchun 130022, China

Abstract A series of mono- and binuclear Co(Il) complexes (Co1-Co7) supported by quinoline-2-imidate ligands were synthesized and
thoroughly characterized. Measured by single crystal X-ray crystallography, complexes Col and Co3 adopted distorted tetrahedral
structures around the cobalt center. Upon activation by ethylaluminium sesquichloride (EASC), these cobalt complexes exhibited high
catalytic activity and cis-1,4-selectivity towards 1,3-butadiene polymerization. The effects of ligand environment, polymerization
temperature, and cocatalyst types on the polymerization were investigated in detail. Interestingly, the binuclear Co(II) complexes
exhibited high thermal stability, and the polymer yields were up to 97.2% even at a high temperature of 70 °C.
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INTRODUCTION

Imine-based late-transition metal complexes have played a
pivotal role in the ethylene polymerization ever since the
discovery by Brookhart in the 1990s, a seminal report on
Ni(Il) and Pd(II) complexes catalyzing ethylene
homopolymerization and copolymerization with acrylates
that has set the ground for later rapid advances in the
catalysis of olefin polymerization['"'®]. Due to the inherent
advantages of these late-transition metals, such as high
catalytic activity, cost-effectiveness, ease of manipulation,
eco-friendliness, efc., such kind of precursors were also used
to catalyze 1,3-butadiene (BD) polymerization during the
past decade. It has been surprisingly found that, besides
ligand skeleton and polymerization conditions, the catalysts’
performance and the properties of resulting polymers can be
finely-tuned by the metal centers!!°??l. For instance, Fe(II)-
and Fe(Ill)-based complexes are apt to produce
polybutadienes (PBDs) with high trans-1,4 content; the
resulting PBDs have a considerable degree of crystallization
and experience a strain-induced crystallization and
consequently are necessary for the production of high-
performance tires!?® 4. Ni(II) complexes usually produce
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polymers with mediate cis-1,4 content and low molecular
weight!?’], which are mostly used as adhesives, sealants,
additives, efc. On the other hand, Co(II)-based complexes are
more attention-grabbing because they possess high cis-1,4
stereoselectivity?*~2°], producing polymers to behave much
like natural rubber. In addition, Co(II)-based systems are also
good candidates in preparing 1,2-PB in the presence of
external donors. Till now, diversified imine-based Co(II)
complexes have been designed and employed to initiate BD
polymerization, including bis(imino)pyridine Co(IDB%, a-
diimine Co(II)l*Y, p-triketimine Co(II)3% 331, bis(salicyl-
aldiminate) Co(II)}*” 3* 31 pyridine-2-imine Co(II)1*%],
(1,10-phenanthroline-2-pyrazolyl) Co(I1)!*7], bis(oxazolinyl)
pyridine Co(IDB®,  bis(imidazolyl)pyridine Co(I1)[*> 401,
bis(benzimidazolyl)amine Co(II)*!l, etc. Despite of these
advances, the answer to how the ligand structures affect the
catalytic activity of corresponding complexes is still blurred.
Some clues were given in a recent report, in which
incorporating various substitutents bearing different
electronic and steric properties to aryl rings by employing
different aniline analogues showed obvious influence on the
catalytic behaviorsi**]. However, changing the substitutents
on other parts of imine group is still untapped yet. In our
previous studies, we developed a series of imidoylchloride-
based Co(Il) complexes. It was excitingly found that
introducing halogen atom, a electron-withdrawing group, to
imine-carbon could increase the electropositivity of the metal
centre and thus led to higher catalytic activity*> #3.
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However, the effect of substituents at imine-carbon position
on the catalytic behaviors of BD polymerization is rarely
investigated. As an extension of our previous work, we
synthesized a series of imidate-based ligands with ether
group at C=N carbon position by using the imidoylchloride
precursors, and disclosed the catalytic behaviors of the
corresponding Co(II) complexes towards BD polymerization.

Imine-based multinuclear olefin polymerization catalysts
are another hot spot in recent years. The interesting catalytic
properties were revealed when they were used in olefin
polymerization and copolymerizationl*~4°l. For instance, the
linked phenoxyiminato group IV complexes led to
significantly greater extents of comonomer enchainment
because of the close enforced contact between two catalytic
centresl*’l.  Xanthene-bridged dinuclear oa-diimine Ni
complexes showed good thermal stability and high catalytic
activity, generating polyethylenes with high molecular
weights, narrow polydispersities and very low branching
density[*8], Macrocycle trinuclear 2,6-bis(imino)pyridyl iron
precatalysts exhibited much higher activity and longer
lifetime for ethylene polymerization as compared to the
mononuclear anolgues®l. However, multinuclear catalysts
for diene polymerization are quite limited. Only one paper
reported that the tridentate NNO dinuclear Co(Il) complexes
were employed and performed high cis-1,4-selectivity and
high thermal tolerance at elevated temperatures!28]. Herein,
we report the preparation of a series of imidate-based
binuclear Co(II) complexes by using different kinds of diols
to react with imidoylchloride, and their catalytic behaviors
for butadiene polymerization have been further investigated.

EXPERIMENTAL

Materials and Characterization

All manipulations of air and/or moisture sensitive
compounds were carried out under a dry and oxygen-free
argon atmosphere by using Schlenk techniques or under a
nitrogen atmosphere in a glove box. The solvents were
refluxed over CaHz or sodium-benzophenone and distilled
prior to use. 1,3-Butadiene was obtained from Jinzhou
Petrochemical Company. CoBr2 and CoCl2 were purchased
from Alfa Aesar. Ethylaluminum sesquichloride (EASC),
diethylaluminum chloride (DEAC) and methyl aluminoxane
(MAO) were purchased from Akzo Noble and used as
received. 1,4-Dihydroxybenzene, bisphenol A, and 4,4'-
methylene diphenol were purchased from Aladdin company. 2-
[NV-(2,6-diisopropylphenyl)carboximidoyl-chloride] quinoline
was synthesized according to the method described in the
literaturel*3,

'H-NMR (400 MHz) and '3C-NMR (100 MHz) were
recorded on a Varian Unity spectrometer in CDCI3 at
ambient temperature using tetramethylsilane as an internal
standard. FTIR spectra were recorded on a BRUKE Vertex-
70 FTIR spectrometer. Mass spectrometric detection was
carried out on a Xevo TQ 151 mass spectrometer (Waters
Corp., Milford, MA, USA) with a 152 -electrospray
ionization (ESI) source. Elemental analysis was performed
on an elemental Vario EL spectrophotometer. The
proportions of cis-1,4 and trans-1,4 units of polymer were

determined by FTIR spectra, 'H-NMR, and 3C-NMR. The
number-average molecular weights (Mn) and molecular weight
distributions (Mw/Mn) of polymers were measured at 30 °C
by gel permeation chromatography (GPC) equipped with a
Waters 515 HPLC pump, four columns (HMW 7 THF, HMW
6E THFx2, HMW 2 THF), and a Waters 2414 refractive
index detector. Tetrahydrofuran (THF) was used as an eluent
at a flow rate of 1.0 mL/min. The values of Ma and Mw/Mn
were determined by using polystyrene calibration.

Preparation and Characterization of Ligands and
Complexes

General procedures for the synthesis of ligands L1-L4
Ligands L1-L4 were prepared in a similar manner using 2-
[N-(2,6-diisopropylphenyl)carboximidoylchloride]quinoline
precursor which were synthesized by a similar method
according to the literature*l. A typical synthetic procedure
of the ligand L1 is described as follows:

To a 100 mL round-bottom flask were added 20 mL of
THF and 0.192 g of methanol (6 mmol) under nitrogen
atmosphere, then the flask was put into an ice bath and
0.14 g of sodium (6 mmol) was carefully added into the flask
(a lot of hydrogen gas bubbled out!). The mixture was stirred
for 2 h at room temperature and then refluxed for 2 h. Then
2-[N-(2,6-diisopropylphenyl)carboximidoylchloride]quinoline
(0.7 g, 2 mmol) in 20 mL of THF was added dropwise into
the flask, and the solution was further refluxed for 12 h.
Then 10 mL of water and 30 mL of CH2Cl2 were added, and
the mixture was further washed with 100 mL of water for
three times. The organic layer was collected and dried over
anhydrous magnesium sulfate. The solvent was evaporated
under reduced pressure, and then the residue was purified by
column chromatography on silica with the eluent of
petroleum ether:ethyl acetate (V:7 = 10:1) to afford a yellow
solid.

The ligand of 2-[methyl(N-diisopropylphenylcarbox-
imidate)]quinoline (L1). Yield: 84.7%. 'H-NMR (400 MHz,
CDCl3, 9, ppm): 8.00 (d, 1H, Haquinoline-4), 7.96 (d, 1H,
Hquinoline—8), 7.71 (d, 1H, Hquinoline—S), 7.66 (t, 1H, Hquinoline—S),
7.51 (t, 1H, Hquinoline-7), 7.27 (partially overlapping with
CDCl3, ppm), 6.95-7.01 (m, 3H, Har), 4.14 (s, 3H,
—OCHS3), 3.03 (m, 2H, —CH"(CH3)2), 1.23 (d, 6H, —CH3),
0.87 (d, 6H, —CH3). 13C-NMR (100 MHz, CDCl3, , ppm):
154.75, 149.7, 147.4, 143.2, 142.8, 137.2, 135.9, 130.1,
129.7, 127.6, 127.3, 122.9, 122.8, 120.3, 54.5, 28.2, 23.6,
22.4. FTIR (KBr, cm!): 3062(w), 2964(m), 2867(m),
1679(s), 1588(m), 1499(m), 1463(m), 1424(m), 1380(m),
1341(m), 1280(m), 1242(m), 1212(m), 1150(m), 1095(m),
997(m), 900(m), 838(m), 793(m), 751(m), 727(m). Anal.
Calcd. for C23H26N20 (346.2): C, 79.73; N, 8.09; H, 7.56.
Found: C, 79.70; N, 8.11; H, 7.60.

The ligand of 2-[ethyl(N-diisopropylphenylcarbox-
imidate)]quinoline (L2). Yield: 62.9%. 'H-NMR (400 MHz,
CDCIS, (5, ppm): 7.98 (d, 1H, Hquinoline—4), 7.93 (d, 1H,
Hquinoline—S), 7.71 (d, IH, Hquinoline—3), 7.63 (t, 1H, Hquinoline-S),
7.50 (t, IH, Hquinoline—7), 7.32 (d, lH, Hquinoline-6), 6.92-6.98
(m, 3H, Har), 4.61 (q, 2H, —OCH"2CH3), 3.07 (m, 2H,
—CH*(CH3)2), 1.53 (t, 3H, —OCH2CH"3), 1.15 (d, 6H,
—CHz), 0.89 (d, 6H, —CHz3). 13C-NMR (100 MHz, CDCIs3,
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J, ppm): 154.5, 150.1, 147.3, 143.2, 137.3, 135.9, 130.1,
129.6, 127.5, 127.2, 122.6, 120.2, 62.83, 28.22, 23.6, 22.4,
14.5. FTIR (KBr, cm!): 3062(w), 2959(m), 2867(m),
1662(s), 1591(m), 1500(m), 1459(m), 1363(m), 1287(m),
1240(m), 1213(m), 1147(m), 1103(m), 1029(m), 919(m),
835(m), 796(m), 759(m), 654(m). Anal. Caled. for
C24H28N20 (360.2): C, 79.96; N, 7.77; H, 7.83. Found: C,
79.94; N, 7.80; H, 7.86.

The ligand of 2-[phenyl(N-diisopropylphenylcarbox-
imidate)]quinoline (L3). Yield: 80.2%. 'H-NMR (400 MHz,
CDCl3, o0, ppm): 8.15 (d, 1H, Haquinoline-4), 7.92 (d, 1H,
Hquinoline—S), 7.79 (d, lH, Hquinoline—}), 7.65 (t, 1H, Hquinoline—S),
7.54 (t, 1H, Haquinoline-7), 6.98-7.25 (partially overlapping
with CDCI3, Haquinoline-s6 and Har), 3.06 (m, 2H,
—CH*(CH3)2), 1.12 (s, 12H, —CHzs). 3C-NMR (100 MHz,
CDCIl3, o, ppm): 154.6, 152.6, 149.7, 147.3, 142.3, 137.1,
136.4,130.3, 129.8, 129.1, 127.8, 127.3, 124.1, 123.4, 122.7,
121.0, 28.6, 23.2. FTIR (KBr, cm™'): 3067(w), 2964(m),
2862(m), 1673(s), 1586(m), 1483(m), 1458(m), 1433(m),
1375(m), 1316(m), 1243(m), 1210(m), 1125(m), 1078(m),
950(m), 927(m), 862(m), 843(m), 753(m), 692(m). Anal.
Calcd. for C28H2sN20 (408.2): C, 82.32; N, 6.86; H, 6.91.
Found: C, 82.36; N, 6.90; H, 6.88.

The ligand of 2-[4-chlorophenyl(N-diisopropylphenyl-
carboximidate)]quinoline (L4). Yield: 86.1%. 'H-NMR
(400 MHz, CDCls, 6, ppm): 8.16 (d, 1H, Hquinoline-4), 7.92 (d,
IH, Hquinoline—S), 7.80 (d, IH, Hquino]ine—}), 7.67 (t, IH,
Hquinoline—S), 7.56 (t, 1H, Hquinoline—7), 6.99-7.23 (partlally
overlapping with CDCl3, Hquinoline-6 and Har), 3.01 (m, 2H,
—CH*(CH3)2), 1.10 (s, 12H, —CH3). 3C-NMR (100 MHz,
CDCl3, o, ppm): 153.1, 152.3, 149.1, 147.2, 142.0, 136.9,
136.5,130.1, 129.9, 129.1, 127.9, 127.3, 123.5, 122.7, 122.2,
120.9, 28.6, 23.1. FTIR (KBr, cm™'): 3077(w), 2959(m),
2867(m), 1674(s), 1593(m), 1488(m), 1431(m), 1381(m),
1319(m), 1211(m), 1121(m), 1070(m), 1011(m), 951(m),
913(m), 848(m), 810(m), 767(m), 727(m). Anal. Calcd. for
C2s8H27CIN20 (442.2): C, 75.92; N, 6.32; H, 6.14. Found: C,
75.94; N, 6.37; H, 6.15.

General procedures for the synthesis of ligands L5-L7
Ligands L5-L7 were prepared in a similar manner. A typical
synthetic procedure of ligand L5 is described as follows:

To a 100 mL flask were added 20 mL of THF and
0.11 g of 1,4-dihydroxybenzene (1 mmol) under nitrogen
atmosphere. Then the flask was put into an ice bath and
0.24 g of NaH (10 mmol) was carefully added into the flask
(a lot of hydrogen gas bubbled out!). After the mixture was
stirred for 30 min at room temperature, 0.7 g of 2-[N-(2,6-
diisopropylphenyl)carboximidoylchloride]quinoline (2 mmol)
in 20 mL of THF was added dropwise into the flask, and the
reaction mixture was further refluxed for 12 h. After 10 mL
of H20 and 30 mL of CH2Cl2 were carefully added, the
mixture was further washed with H20 (100 mL X 3). The
organic layer was collected and dried over anhydrous
magnesium sulfate. After evaporating the solvent under
reduced pressure, the crude product was purified by silica gel
column chromatography (petroleum ether:ethyl acetate, 15:1,
V:V) to afford a yellow solid.

The ligand of LS. Yield: 24.9 %. 'H-NMR (400 MHz,

CDCls, 9, ppm): 8.14 (d, 1H, He), 7.91 (d, 1H, Ha), 7.80 (d,
1H, Hs), 7.57 (m, 2H, Hbv,4), 7.01-7.11 (m, 6H, Hc,gh,i), 3.05
(s, 2H, Hj), 1.09 (s, 12H, Hk). 3C-NMR (100 MHz, CDCls,
J, ppm): 151.89, 150.10, 148.71, 146.52, 141.60, 136.27,
135.64, 129.57, 129.09, 127.21, 127.13, 126.57, 122.65,
121.94, 120.24, 27.84, 22.50. FTIR (KBr, cm1): 3058(w),
2957(m), 2924(m), 2866(m), 1693(s), 1593(m), 1499(m),
1462(m), 1379(m), 1283(m), 1236(m), 1187(s), 1132(m),
1094(m), 924(m), 829(m), 771(m), 744(m). Anal. Calcd. for
Cs0Hs50N402 (738.4): C, 81.27; H, 6.82; N, 7.58. Found: C,
81.36; H, 6.90; N, 7.67. ESI-MS for CsoHs50N4O2: (m/z)
(M+H") 739 4.

The ligand of L6. Yield: 31.7%. 'H-NMR (400 MHz,
CDCl3, 0, ppm): 8.16 (d, 1H, He), 7.92 (d, 1H, Ha), 7.80 (d,
1H, Hs), 7.66 (t, 1H, Ha), 7.54 (t, 1H, Hv), 6.91-7.05 (m, 8H,
He, g, 1,1i,j), 3.04 (m, 2H, Hk), 1.53 (s, 3H, Hm), 1.13 (s, 12H,
Hi). FTIR (KBr, cm!): 3059(w), 2957(m), 2902(m),
2865(m), 1669(s), 1593(m), 1498(s), 1463(m), 1384(m),
1311(m), 1284(m), 1205(s), 1170(m), 1066(m), 1015(m),
909(m), 830(m), 760(m). Anal. Calcd. for CsoHesoN4O2
(856.5): C, 82.67; H, 7.06; N, 6.54. Found: C, 82.60; H,
7.03; N, 82.51. ESI-MS for CsoHeoN4O2: (m/z) (M+HY)
857.5.

The ligand of L7. Yield: 26.4%. 'H-NMR (400 MHz,
CDCls, 6, ppm): 8.15 (d, 1H, He), 7.94 (d, 1H, Ha), 7.79 (d,
1H, Hx), 7.66 (t, 1H, Ha), 7.54 (t, 1H, Hv), 6.86—7.04 (m, 8H,
He, g, 1,1,j), 3.82 (s, 1H, Hm), 3.04 (m, 2H, Hx), 1.12 (s, 12H,
Hi). FTIR (KBr, cm!): 3059(w), 2953(m), 2919(m),
2860(m), 1683(s), 1597(m), 1504(s), 1462(m), 1380(m),
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1281(m), 1241(m), 1216(m), 1162(m), 1092(m), 1013(m),
953(m), 911(m), 838(m), 759(m). Anal. Calcd. for
Cs7Hs6N402 (828.4): C, 82.57; H, 6.81; N, 6.76. Found: C,
82.67; H, 6.90; N, 6.84. ESI-MS for Cs7Hs6N4O2: (m/z)
(M+H") 829.4.

General procedures for the synthesis of complexes Col-Co4
All the complexes were prepared in a similar method. A
typical synthesis procedure of the complex Col is described
as follows. A solution of the ligand L1 (0.17 g, 0.5 mmol) in
2 mL of THF was added dropwise to a suspension of
anhydrous CoBr; (0.11 g, 0.5 mmol) in 2 mL of THF; the
reaction mixture was stirred for 10 h. Partial THF was
removed under reduced pressure. A large amount of ether (or
hexane) was added, as a result, plenty of precipitate was
formed. The precipitate was filtered, and dried under vacuum
at 40 °C.

The complex of 2-[methyl(N-diisopropylphenylcarbox-
imidate)]quinoline CoBr2 (Col). Yield: 74.2%. FTIR (KBr,
cm™): 2959(m), 2872(w), 1622(m), 1586(m), 1506(m),
1462(m), 1440(m), 1386(m), 1326(m), 1260(m), 1222(m),
1124(m), 996(m), 876(m), 845(m), 811(m), 767(m), 643(m).
Anal. Calcd. for C23H26Br2CoN20 (563.0): C, 48.88; N,
4.96; H, 4.64. Found: C, 48.90; N, 4.91; H, 4.73.

The complex of 2-[ethyl(N-diisopropylphenylcarbox-
imidate)]quinoline CoBr2 (Co2). Yield: 60.8%. FTIR (KBr,
cm!): 2964(m), 2867(w), 1610(m), 1563(m), 1506(m),
1464(m), 1438(m), 1373(m), 1313(m), 1262(m), 1218(m),
1121(m), 1056(m), 1000(m), 838(m), 796(m), 768(m),
748(m), 641(m). Anal. Calcd. for C24H28Br2CoN20 (577.0):
C,49.77; N, 4.84; H, 4.87. Found: 49.81; N, 4.79; H, 4.93.

The complex of 2-[phenyl(N-diisopropylphenylcarbox-
imidate)]quinoline CoBr2 (Co3). Yield: 74.8%. FTIR (KBr,
cm™): 2964(m), 2867(w), 1627(m), 1581(m), 1503(m),
1490(m), 1465(m), 1386(m), 1322(m), 1261(m), 1218(m),
1201(m), 1166(m), 939(m), 781(m), 764(m), 753(m),
733(m), 688(m). Anal. Calcd. for C28H28Br2CoN20 (625.0):
C, 53.61; N, 4.47; H, 4.50. Found: C, 53.66; N, 4.51; H,
4.48.

The complex of 2-[4-chlorophenyl(N-diisopropylphenyl-
carboximidate)]quinoline CoBr2 (Co4). Yield: 57.7%. FTIR
(KBr, cm™!): 2964(m), 2867(w), 1623(m), 1581(m),
1561(m), 1509(m), 1487(m), 1462(m), 1320(m), 1257(m),
1200(m), 1090(m), 1011(m), 830(m), 786(m), 764(m),
667(m). Anal. Calcd. for C28H27Br2CICoN20 (658.9): C,
50.82; N, 4.23; H, 4.11. Found: C, 50.84; N, 4.29; H, 4.09.

The complex of Co5. Co5 was prepared with a similar

method as Col—Co4 by using CoCl2. Yield: 83.2%. FTIR
(KBr, cm!): 3062(w), 2961(m), 2928(m), 2868(m),
1628(m), 1562(m), 1494(m), 1460(m), 1310(m), 1258(m),
1196(m), 1180(m), 1090(w), 928(w), 837(m), 764(m). Anal.
Calcd. for Cs0Hs50N4O2C02Cl4 (996.1): C, 60.14; H, 5.05; N,
5.61. Found: C, 60.19; H, 5.11; N, 5.07.

The complex of Co06. Co6 was prepared with a similar
method as Col—Co4 by using CoCl2. Yield: 66.1%. FTIR
(KBr, cm™); 2959(m), 2925(m), 2868(m), 1631(m),
1556(m), 1499(m), 1463(m), 1383(m), 1320(m), 1257(m),
1207(m), 1169(m), 1078(m), 1015(m), 916(m), 834(m),
762(m). Anal. Calcd. For CsoHe0Cl4aC02N4O2 (1114.2): C,
63.45; H, 5.42; N, 5.02. Found: C, 63.57; H, 5.48; N, 4.97.

The complex of Co7. Co7 was prepared in a similar
method as Col—Co4 by using CoCl2. Yield: 62.8%. FTIR
(KBr, cm!): 2959(m), 2931(m), 2851(m), 1626(m),
1502(m), 1458(m), 1381(m), 1315(m), 1201(m), 1164(m),
1088(m), 1013(m), 923(m), 753(m). Anal. Calcd. For
Cs7Hs56C14aCo2N402 (1086.1): C, 62.88; H, 5.18; N, 5.15.
Found: C, 62.91; H, 5.24; N, 5.26.

General Procedure for the Solution Polymerization of
1,3-Butadiene

A typical procedure for the polymerization is as follows (run
15). A toluene solution of 1,3-butadiene (10 mL, 0.1 g/mL)
was added to a moisture free ampule preloaded with complex
Col (9.3 umol), then EASC (0.46 mmol) was injected to
initiate the polymerization at 50 °C. After 30 min, ethanol
containing 2,6-ditertbutyl-4-methylphenol (1.0 wt%) as a
stabilizer was added to quench the polymerization. The
precipitated polymer was washed with ethanol, and then
dried under vacuum at 40 °C to a constant weight. The yield
of polymer was determined by gravimetry.

X-ray Crystallographic Analysis

X-ray analysis for the crystals is described in the
experimental section. Data collections were performed at
—88.5 °C on a Bruker SMART APEX diffractometer with a
CCD area detector, using graphite monochromated Mo K
radiation (2 = 0.71073 A). The determination of crystal class
and unit cell parameters was carried out by the SMART
program package. The raw frame data were processed using
SAINT and SADABS to yield the reflection data file. The
structures were solved by using SHELXTL program.
Refinement was performed on F2 anisotropically for all non-
hydrogen atoms by the full-matrix least-squares method. The
hydrogen atoms were placed at the calculated positions and
were included in the structure calculation without further
refinement of the parameters. CCDC 1419601 for ligand L5
and 1037948, 1037949 for complexes Col, Co3, and
supplementary crystallographic data for this paper can be
obtained free of charge from the Cambridge Crystallographic
Data Centre through www.ccdc.cam.ac.uk/data_request/cif.

RESULTS AND DISCUSSION

Synthesis and Characterization of the Ligands and
Corresponding Co(IT) Complexes

A series of quinoline-2-imidate ligands (L1-L7) were
prepared according to the procedures described in Scheme 1
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Scheme 1 Synthesis of the ligands (L1-L7) and Co(II) complexes (Co1-Co7)

by wusing the imidoylchloride-based precursors. The
corresponding Co(II) complexes were synthesized from the
reaction of these ligands with anhydrous CoBr2 or CoClz in
THF. All of the ligands and complexes were characterized by
NMR, IR, and elemental analysis. In the IR spectra, the
absorption bands of C=N in complexes Col-Co7 appear at
1610-1631 cm™', which are obviously red-shifted as
compared to the corresponding ligands (1662-1693 cm™),
indicating that the nitrogen atoms of imidates coordinate to
the central metals. The molecular structures of ligand L5 and
complexes Col and Co3 were further characterized by
single-crystal X-ray diffraction, whereas the single crystals
of binuclear Co(II) complexes could not be obtained due to
their poor solubility. The selected bond distances, bond
angles, and crystallographic details of those single crystals
are summarized in Tables 1 and 2, and their molecular
structures are shown in Figs. 1-4.

Single crystal of ligand L5 was obtained by
recrystallization from its hexane solution, which was suitable
for X-ray diffraction analysis. As shown in Fig. 1, it displays
centrosymmetric structure with an inversion centre at the
1,4-bisphenol central point. For each half part of the ligand,
it exhibits an E configuration with O(1) and N(2) atoms
placing on the opposite sides of C=N double bond. Similar
to the imidoylchloride precursor, the plane formed by
N(2)—C(6)—0(1) is not coplanar with quinoline ring and
the dihedral is 20.58°, and the 2,6-diisopropylphenyl rings
are nearly perpendicular to the quinoline plane with a

dihedral angle of 83.83°[31,

Single crystals of Col and Co3 were grown by layering
diethyl ether on a dichloromethane solution of each molecule
at room temperature. These complexes adopt isomorphous

Table 1 Selected bond lengths (A) and angles (°) of ligand L5 and
complexes Col and Co3

LS Col Co3
Bond lengths (A)
Co(1)—N(1) - 2.052 (2) 2.084 (6)
Co(1)—N(2) - 2.045 (2) 2.040 (5)
C(6)—N(2) 1.254(3)  1282(3)  1.263(8)
C(6)—O0(1) 1.382 (3) 1.321 (3) 1.348 (7)
C(6)—C(5) 1.489 (3) 1.505 (3) 1.493 (10)
Co(1)—Br(1) - 2.3434(5) 2340 (2)
Co(1)—Br(2) - 2.3596 (4) 2.351(2)
N(2)—C(7) 1424 (3)  1453(3)  1.481(9)
Bond angles (°)
N(1)—Co(1)—N(2) - 81.64 (8) 80.3 (2)
N(1)—Co(1)—Br(1) - 112.17 (6) 118.95 (18)
N(1)—Co(1)—Br(2) - 109.03 (6) 109.81 (17)
Br(1)—Co(1)—Br(2) — 114.743 (17) 110.20 (6)
Br(1)—Co(1)—N(_2) — 122.00 (6) 116.82(17)
Br(2)—Co(2)—N(2) - 112.07 (6) 118.00 (17)
C(5)—C(6)—0(1) 109.37 (19)  110.8 (2) 118.2 (6)
N(2)—C(6)—0(1) 119.3 (2) 130.7 (2) 122.5 (6)
C(5)—C(6)—N(2) 131.3 (2) 118.5(2) 119.0 (6)
C(6)—N(2)—C(7) 125.5(2) 124.4 (2) 118.0 (5)
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Table 2 Crystallographic data and structure refinement for ligand LS and complexes Col and Co3

L5 Col Co3
Formula Cs0Hs0N4O2 C23H26Br2CoN20O C2gH28Br2CoN20
fw 738.94 565.21 627.27
Color Yellow Green Green
Cryst. Syst. Monoclinic Monoclinic Monoclinic
Space group P21/¢c P21/n C2/C
a(A) 8.2434 (8) 10.6652 (7) 20.127 (19)
b(A) 29.153 (3) 17.1978 (11) 17.035 (16)
c(A) 9.1705 (9) 12.7099 (8) 17.207 (16)
a(°) 90.0 90 90
L) 106.996 (2) 93.496 (1) 114.689 (14)
y(°) 90.0 90 90
V(A3) 2107.6 (4) 2326.9 (3) 5360 (9)
Z 2 4 8
T (K) 185 188 188
Dealed (g-om ™) 1.164 1.613 1.555
u(Mo Ka) (mm™) 0.07 4.19 3.65
F(000) 788 1132 2520
Orange (°) 2.4-20.1 2.0-25.1 1.6-25.1
No. of rflns collected 11957 13390 27990
No. of indep rflns 3722 4114 4621
data/restraints/params 3722/0/257 4114/0/262 4621/0/307
Goodness of fit 1.039 1.071 1.104
R (I>20(])) 0.068 0.027 0.059
wR> 0.147 0.072 0.191

Fig.1 Molecular structure of ligand L5 (Hydrogen atoms have been omitted for clarity.)

coordinating geometries around the cobalt center and display
distorted tetrahedral structures (see Figs. 2—4). In both
complexes, two planes formed by Br(1)—Co(1)—Br(2) and
N(1)—Co(1)—N(2) are nearly perpendicular with the
dihedral angles of 85.35° and 88.03°, respectively, and the
N(1)—Co(1)—N(2) bond angles are relatively small
(80.3(2)° and 81.64(8)°). The N-bound aryl and quinolinyl
rings are also almost perpendicular to each other with the
angles of 72.85° for Col and 73.87° for Co3, respectively. A
similar result was obtained in the previously reported
quinoline-2-imino  Co(IT) complex[®0, In these two

complexes, the oxygen atoms on the imidate groups are
nearly posited on the plane of quinolinyl rings, from which
they deviated by 0.077 and 0.073 A, respectively.

The Polymerization Behaviors of 1,3-Butadiene in the
Presence of Complexes Cobalt(II)
The mono- and binuclear Co(II) complexes were used as
precatalysts for the polymerization of 1,3-butadiene. The
results are summarized in Tables 3 and 4.

The effects of polymerization parameters, such as the type
of cocatalyst and polymerization temperature, were firstly

https://doi.org/10.1007/s10118-018-2097-8
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Fig.2 Molecular structure of complex Col (Hydrogen atoms have
been omitted for clarity.)

Fig. 3 Molecular structure of complex Co3 (Hydrogen atoms have
been omitted for clarity.)

examined by taking complex Col as an example. According
to the data shown in Table 3, in the presence of
triethylaluminium (TEA), the complex Col was very
inactive. Upon activation with methylaluminoxane (MAO),
much better polymer yield (50.8%) was achieved, and the
resulting polybutadiene possessed a cis-1,4-rich structure
(90.5%) and a relatively narrower molecular weight
distribution (PDI = 2.3). The systems based on
chloroaluminium compounds, diethylaluminium chloride
(DEAC) and ethylaluminium sesquichloride (EASC),
exhibited high activity, and the polymer yields reached
79.0% and 87.4% within 30 min, respectively. In addition,
Co1/EASC system also provided polybutadiene with cis-1,4-
rich structure. Therefore, EASC was used in the following
experiments.

The influence of polymerization temperature on the

Fig. 4  Coordination geometry of complexes Col (Hydrogen
atoms have been omitted for clarity.)

Col/EASC system. The activity increased with the
temperature increased from 0 °C to 50 °C, whereas a further
increase in the polymerization temperature resulted in a
decrease of activity. These results indicate that the present
Col/EASC system suffers from the decay of catalytic
activity at high temperature due to the instability of the
active species at elevated temperatures. This is similar to the
most previously reported late transition metal catalyst(2: 511,
On the other hand, when the polymerization temperature
increased from 0 °C to 70 °C, the molecular weight of
resulting polybutadienes decreased from 5.81 x 10* to 0.90 x
10* and the molecular weight distribution became broad,
indicating that the chain transfer reactions was facilitated at
high temperatures. Meanwhile, the cis-1,4- content decreased
from 97.1% to 78.7% along with the trams-1,4- and 1,2-
content increasing from 2.1% and 0.8% to 7.8% and 5.0%,
respectively. Similar phenomena were also observed in the
other Co(Il) systems. It is attributable to the facilitation of
anti-syn isomerization through z-o rearrangement at elevated
temperatures!?8. 37, 421,

The influence of substituent at imidate-carbon position on
catalytic behavior was further investigated. The results are
listed in Table 4. For the mononuclear cobalt complexes,
changing the steric bulkiness of alkyl ether group from
MeO—, EtO— to PhO— showed almost no influence on
catalytic performance, which might be due to the long
distance between these alkyl ethers and the active species.
On the other hand, introducing an electron-withdrawing
chlorine atom to the phenylether ring made the catalytic
precursor more active (Co4 versus Co3), which is possibly

catalytic performance was further investigated with owing to the enhanced electropositivity with the cobalt
Table 3 1,3-Butadiene polymerization with Col under different conditions
a Polymerization conditions . 4 , d Microstructure © (%)

Run Cat. NG Teec) | Yield(h)  MaTx A0 Mu/M Cis-14  Trans-14 1,2-
1 Col EASC 0 19.7 5.81 2.1 97.1 2.1 0.8
2 Col EASC 20 61.4 5.40 2.1 96.8 2.0 1.2
3 Col EASC 50 87.4 3.31 4.5 89.7 7.8 2.5
4 Col EASC 70 82.0 0.90 5.8 78.7 16.3 5.0
5 Col MAO® 50 50.8 2.19 23 90.5 5.9 3.6
6 Col TEA® 50 No polymer - - - - -
7 Col DEAC® 50 79.0 0.76 3.3 71.1 11.0 17.9

2 Polymerization conditions: [Bd]/[Co] = 2000, [Al]/[Co] = 50, [Bd] = 0.1 g/mL, toluene, 10 mL, 30 min. ® Polymerization time 4 h; ¢ EASC: ethylaluminium
sesquichloride, MAO: methylaluminoxane, TEA: triethylaluminium, DEAC: diethylaluminium chloride; ¢ Determined by GPC eluted with THF (polystyrenes

as standards); ¢ Determined by IR and NMR
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https://doi.org/10.1007/s10118-018-2097-8

950 H. Liu et al. | Chinese J. Polym. Sci. 2018, 36, 943—952
Table 4 1,3-Butadiene polymerization with Co(II) complexes bearing different ligand environments
1 0,
Run ® Cat. T(°C) Yield %)  Max10* MM, B o
8 Col 50 87.4 3.31 4.5 89.7 7.8 2.5
9 Co2 50 86.0 2.93 3.1 90.6 6.8 2.6
10 Co3 50 88.0 2.73 3.0 91.1 6.7 22
11 Co4 50 91.6 3.32 3.1 90.9 6.6 2.5
12 Co5 0 19.5 56.1 1.6 98.2 1.1 0.7
13 Co5 20 51.2 20.6 29 98.1 0.9 1.0
14 Co5 50 94.3 5.1 11.5 89.8 3.0 72
15 Co5 70 95.5 3.7 11.5 79.6 15.4 5.0
16 Co6 0 17.5 36.1 1.9 98.0 0.9 1.1
17 Co6 20 50.6 332 2.1 97.9 1.2 0.9
18 Co6 50 95.6 6.7 7.3 91.8 5.7 2.5
19 Co6 70 94.3 3.6 15.4 82.6 13.2 4.2
20 Co7 0 16.6 26.3 1.9 98.4 0.7 0.9
21 Co7 20 58.0 243 2.3 97.9 1.0 1.1
22 Co7 50 95.3 8.5 5.7 91.1 6.2 2.7
23 Co7 70 97.2 4.2 9.2 83.5 12.4 4.1

2 Polymerization conditions: [Bd]/[Co] = 2000, EASC, [Al]/[Co] = 50, [Bd] = 0.1 g/mL, toluene, 10 mL, 30min

centre. Compared with the mononuclear complexes, their
binuclear counterparts displayed higher catalytic activity
under identical conditions probably due to the high local
precatalyst concentrations. Similar results were observed in
the cases of binuclear titanium catalytsts for ethylene
polymerization, in which the binuclear precursors also
displayed much higher catalytic activity[44].

As previously reported, most of the late-transition metal
systems suffered from severe decay of catalytic activity
when exposed to high temperature. For the present binuclear
Co(Il) complexes, their ligands were relatively rigid due to
the biphenol linker, and thus we examined their thermal
responses under different temperatures. As shown by runs
12-23 in Table 4, for all of the binuclear Co(II) compounds,
their catalytic activity dramatically increased when the
temperature increased from 0 °C to 50 °C. Further increasing
the temperature to 70 °C, no obvious decrease of activity was
observed, indicating that these binuclear complexes
displayed much higher thermal stability compared to their
mono- counterparts, which revealed that rigidifying the
ligand could partially increase the thermal stability of the
corresponding complexes. Despite of these results,
resembling to other Co(Il) systems, the molecular weight of
the resulting polymers dropped seriously from 56.1 x 104
(Co5), 36.1 x 10* (Co6), 26.3 x 10* (Co7) to 3.7 x 10*
(Co5), 3.6 x 104 (Co6), 4.2 x 10 (Co7), respectively, due to
the facilitated chain transfer reaction. Besides, the cis-1,4-
content of the resulting polymer also decreased from 98.2%
(Co5), 98.0% (Co6), 98.4% (Co7) to 79.6% (CoS), 82.6%
(Co6), 83.5% (Co7) respectively, caused by the anti-syn
isomerization at high temperatures!28. 37. 421,

CONCLUSIONS

Mono- and binuclear Co(II) complexes were synthesized,
and their catalytic activity towards 1,3-butadiene
polymerization was investigated. Using EASC as the
cocatalyst, all of the complexes performed high activity and
high cis-1,4- selectivity at 50 °C. For mononuclear Co(II)
complexes, increasing the temperature resulted in the

negative effects, in contrast, the binuclear Co(II) counterparts
performed high temperature tolerance, displaying high
activity even at high temperatures. For both mono- and
binuclear systems, increasing the temperature brought
monotonous reduction of cis-1,4- moiety and increment of
trans-1,4- moiety.
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