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ance of tridentate versus
bidentate Co(II) complexes supported by Schiff base
ligands in vinyl addition polymerization of
norbornene†

Kyeonghun Kim, ‡a Saira Nayab,‡ab Yerim Cho,a Hyewon Jung,d Hyeonuk Yeo, c

Hyosun Lee *a and Sang-Ho Lee *d

A series of Co(II) complexes supported by Schiff base ligands, LA–LC, where LA, LB, and LC are (E)-3-

methoxy-N-(quinolin-2-ylmethylene)propan-1-amine, (E)-N1,N1-dimethyl-N2-(pyridin-2-ylmethylene)

ethane-1,2-diamine, and (E)-N1,N1-dimethyl-N2-(thiophen-2-ylmethylene)ethane-1,2-diamine,

respectively, were designed and synthesized. Structural studies revealed a distorted trigonal bipyramidal

geometry for [LBCoCl2] and a distorted tetrahedral geometry for [LCCoCl2]. After activation with modified

methyl aluminoxane (MMAO), all the Co(II) complexes catalyzed the polymerization of norbornene (NB)

to yield vinyl-type polynorbornenes (PNBs) with activities of up to 4.69 × 104 gPNB mol Co−1 h−1 at 25 °

C. High-molecular-weight (Mn of up to 1.71 × 105 g mol−1) soluble PNBs with moderate molecular-

weight distributions (MWD) were obtained. The activity of the Co(II)/MMAO catalytic system is influenced

by the steric hindrance and electronic properties of the ligands.
Introduction

Polynorbornene (PNB), which is synthesized via vinyl addition
polymerization, has received considerable attention because of
its fascinating properties that stem from its saturated bicyclic
backbone.1 The NB skeleton confers a high thermal stability,
low dielectric constant, and high optical transparency, which
are attractive characteristics for applications in microelec-
tronics and optics.1–4 Both early and late transition metal
complexes have been reported as active catalysts for the vinyl
addition polymerization of NB.1,5–11 Recently, promising cata-
lytic activities have also been reported for late transition metal
catalysts, such as Pd- and Ni-based catalysts.12–15

The choice of ancillary ligand signicantly affects the catalytic
performance of the metal-based initiators in a polymerization
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35904
reaction.16–19 Imine-derived ligands are considered privileged
because of their structural exibility, ne tunability, and selec-
tivity toward metal atoms that enable the construction of
attractive geometries, ranging from N,N′-bidentate to N,N′,X-tri-
dentate and N,N′,N,X′-tetradentate.20,21 For instance, a variety of
imine-derived Pd(II) modied methyl aluminoxane (Pd(II)/
MMAO) systems have displayed high activities toward NB poly-
merization with effective control of the resultant PNB proper-
ties.4,20,22 Numerous studies on NB polymerization conducted
with Co(II) complexes have reported moderate activities.23–26 The
Wang group studied a 2-((3,5-dimethyl-1H-pyrazol-1-yl)methyl)
pyridine}CoCl2 system that afforded only 31% yield and PNB
with an Mn value of 6.05 × 103 g mol−1.27 Similarly, a 2,6-bis[1-
(2,5-ditertbutylphenylimino)ethyl] pyridine-derived Co(II) system
exhibited an activity of 11.4 × 103 gPNB mol Co−1 h−1 at 30 °C
aer 12 h.28 The Frederic group studied a CoCl2 and pyridine
bis(imine)Co(II)/MAO system for NB polymerization that resulted
in high-molecular-weight PNB (Mn = 4.2 × 105 g mol−1).29 The
Sato group studied Co(II) complexes activated with d-MAO, which
resulted in 99% yield within 3 h in chlorobenzene at room
temperature and yielded low-molecular-weight PNB (3.2 × 104 g
mol−1).30 However, the aforementioned complexes were only
synthesized in 5% yield when MAO was used for activation.

Recently, we reported a square pyramidal Co(II) complex with
an iminomethylpyridine-derived Schiff base ligand (LA) as an
effective catalyst for syndio-enriched poly(methyl methacrylate)
MMA polymerization with an activity of up to 4.48 × 104 g
PMMA mol Co−1 h−1 and synthesized high-molecular-weight
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Scheme illustrating the synthesis of Co(II) complexes, [LnCoCl2] (Ln = LA–LC).
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PMMA (11.1 × 105 g mol−1).31 The same complex, with the
N,N,N-coordination mode, exhibited promising results when
utilized in the vinyl addition polymerization of NB, which
prompted us to explore Co(II) complexes bearing N,N,O-tri-
dentate (LB) and N,N-bidentate (LC) imine ligands with diverse
geometries for NB polymerization (Scheme 1). In this work, we
present a set of Co(II) complexes with trigonal bipyramidal and
tetrahedral geometries for LB and LC, respectively, and estimate
their catalytic performance in the vinyl addition polymerization
of NB. Activation with MMAO resulted in excellent activity, and
a Co(II)/MMAO system affording 99% yield in the conversion of
NB to PNB within 2 h at 25 °C is reported for the rst time.
Additionally, the effects of ligand architecture, polymerization
temperature, and time on the NB polymerization performance
of the studied Co(II) complexes were also investigated.
Experimental section
Materials

CoCl2$6H2O (Sigma-Aldrich; 98%), 2-pyridinecarboxaldehyde
(Sigma-Aldrich; 99%), 2-thiophencaboxaldehyde (Sigma-
Aldrich; 99%), 3-metholxypropylamine (Sigma-Aldrich; 99%),
bicyclo[2.2.1]hept-2-ene(Sigma-Aldrich; 99%), magnesium
sulphate (MgSO4) (Sigma-Aldrich; $ 99.5%), 2-quinoline-
carbxaldehyde (TCI; 96%), and N,N′-dimethylethylenediamine
(TCI; 98%) were used as received. Anhydrous solvents such as
methylene chloride (CH2Cl2), ethanol (EtOH), n-hexane (n-Hex),
diethyl ether (Et2O), 1,2-dichloroethane (C2H4Cl2), chloroben-
zene, and toluene were purchased from Aldrich Chemicals
Corp. and degassed before use. Modied methylaluminoxane
(MMAO) was purchased from Lake Materials as 7.10 wt%
aluminum in methylcyclohexane solution.
© 2022 The Author(s). Published by the Royal Society of Chemistry
Preparation of Schiff base ligands

(E)-N1,N1-Dimethyl-N2-(pyridin-2-ylmethylene)ethane-1,2-
diamine (LA), (E)-3-methoxy-N-(quinolin-2-ylmethylene)propan-
1-amine (LB), and (E)-N1,N1-dimethyl-N2-(thiophen-2-
ylmethylene)ethane-1,2-diamine (LC), were synthesized accord-
ing to literature procedures.31–33

Synthesis of (E)-N1,N1-dimethyl-N2-(pyridin-2-ylmethylene)
ethane-1,2-diamine cobalt(II) chloride, [LACoCl2]

LACoCl2 was synthesized according to the literature.31

Synthesis of (E)-3-methoxy-N-(quinolin-2-ylmethylene)propan-
1-amine cobalt(II) chloride, [LBCoCl2]

A solution of LB (0.228 g, 1.00 mmol) in anhydrous ethanol (10.0
mL) was added to a solution of CoCl2$6H2O (0.238 g, 1.00mmol)
in ethanol (10.0 mL) at room temperature. Precipitation of green
solid occurred while stirring the reaction mixture for 12 h. The
precipitate was ltered and washed with cold ethanol (50.0 mL×

2). The solid was dried under a vacuum at 60 °C (0.26 g, 72%). X-
ray quality crystals of [LBCoCl2] were obtained by the layering of
hexane on the CH2Cl2 solution of [LBCoCl2]. mp (°C): 191.
Analysis calculated for C14H16Cl2N2OPd (%): anal. calcd for C14-
H16Cl2CoN2O: C, 46.95; H, 4.50; N, 7.82. Found: C, 47.13; H,
4.53; N, 7.88. FT-IR (solid (neat); cm−1): n(sp2 C–H) 3016; n(sp3 C–
H) 2883 m; n(C]N)imine 1639 m; n(C]N)quinoline 1554 m;
n(C]C)quinoline 1456 m; n(C–O) 1090 m; n(M–N) 564 m.

Synthesis of (E)-N1,N1-dimethyl-N2-(thiophen-2-ylmethylene)
ethane-1,2-diamine cobalt(II) chloride, [LCCoCl2]

A method analogous to that used to prepare [LBCoCl2] was
adopted for the synthesis of [LCCoCl2]; in this case, LC (0.364 g,
2.00 mmol) and CoCl2$6H2O (0.476 g, 2.00 mmol) used to yield
the nal product (0.46 g, 75%). X-ray quality crystals of [LC-
CoCl2] were obtained by layering hexane on the CH2Cl2 solution
RSC Adv., 2022, 12, 35896–35904 | 35897
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of [LCCoCl2]. mp (°C): 200. Anal. calcd for C9H14Cl2CoN2S: C,
34.63; H, 4.52; N, 8.98; S, 10.27. Found: C, 34.66; H, 4.54; N, 8.87;
S, 10.45. FT-IR (solid (neat); cm−1): n(sp2 C–H) 2976; n(sp3 C–H)
2901 m; n(C]N)imine 1653 s; n(C]C)thiophene 1454 m; n(C–S) 857
m; n(M–N) 588 m.

General polymerization procedure

The polymerization was conducted by applying the Schlenk
technique under argon in the ame-dried ask. In the general
polymerization procedure, the ask was charged with 15 mmol
of NB and 15 mmol of catalyst in 20 mL of solvent (chloroben-
zene, toluene, or dichloroethane). The reaction mixture was
stirred for 5 min at prescribed temperatures, followed by the
addition of MMAO (3.10 mL of 7.10 wt% in methylcyclohexane)
under a dry argon atmosphere. The ask was sealed and stirred
for the prescribed time. Aer the prescribed time, the reaction
was terminated by the addition of acidic ethanol (200 mL; HCl
1%). The resulting precipitated polymer was collected by
ltration, washed with ethanol, and dried overnight under
vacuum at 80 °C and characterized by SEC.

Measurements

The NMR spectra of ligands were recorded on a Bruker Avance
III (500 MHz for 1H NMR, 125 MHz for 13C NMR) spectrometer.
The chemical shis are recorded in ppm units (d) using SiMe4
as an internal standard; coupling constants (J) are reported in
Hertz (Hz). The Fourier-transform infrared (FT-IR) spectra of
synthesized ligands and their corresponding Co(II) complexes
were recorded on Bruker FT/IR-Alpha (neat) and data were re-
ported in reverse centimeter (cm−1). Elemental analysis (C, H,
N) of the synthesized Co(II) complexes were performed on an
elemental analyzer (EA 1108; Carlo-Erba, Milan, Italy). Melting
points of synthesized Co(II) complexes, [LnCoCl2] (Ln = LA–LC),
were determined with an IA9100 (Electrothermal) instrument.
1H NMR spectrum of PNB demonstrating the absence of double
bonds was recorded using Avance III-500 MHz spectrometer,
conrming the vinyl-type polymerization of NB. The FT-IR of the
resultant PNB was determined using Bruker FT/IR-Alpha (neat),
and the representative FT-IR spectra are given in ESI.† The
number-average molecular weights (Mn), weight-average
molecular weights (Mw), and polydispersity indices (PDI =

Mw/Mn) of the obtained PNB samples were determined by size
exclusion chromatography (SEC, ACQUITY APC XT, Waters
Corp., USA) using chloroform as the eluent at 0.6 mL min−1,
with the column temperature set to 40 °C. Mn, Mw, and PDI
values were calculated against polystyrene standards.

X-ray crystallographic studies

The X-ray-quality single crystal was coated with paratone-N oil
and the diffraction data was measured with different levels of
synchrotron radiation: the crystal of [LBCoCl2] with synchrotron
radiation l= 0.650 Å at 293(2) K and [LCCoCl2]with synchrotron
radiation l = 0.630 Å at 220(2) K. All crystals on an ADSC
Quantum-210 detector at 2D SMC with silicon (111) double
crystal monochromator (DCM) at the Pohang Accelerator
Laboratory, South Korea. The PAL BL2D-SMDC program34 was
35898 | RSC Adv., 2022, 12, 35896–35904
used for data collection (detector distance is 63 mm, omega
scan; Du = 3°, exposure time is 1 s per frame) and HKL3000sm
(Ver. 703r)35 was used for cell renement, reduction, and
absorption correction. Structures were solved by direct method
and rened by full-matrix least-squares renement using the
SHELXL-2018 (ref. 36) computer program. The positions of all
non-hydrogen atoms were rened with anisotropic displace-
ment factors. All hydrogen atoms were placed using a riding
model, and their positions were constrained relative to their
parent atoms using the appropriate HFIX command in SHELXL-
2014. X-ray crystallography with PLS-II 2D-SMC beamline was
supported by MSIP and POSTECH. Data collection and inte-
gration were performed with SMART and SAINT-Plus soware
packages.37 Semiempirical absorption corrections based on
equivalent reections were applied by SADABS.38 Structures
were solved by direct methods and rened using a full-matrix
least-squares method on F2 using SHELXTL.39 All non-
hydrogen atoms were rened anisotropically. Hydrogen atoms
were added to their geometrically ideal positions. Crystallo-
graphic renements and structural data are summarized in
Table S1.†

Results and discussion
Design of Schiff base ligands and coordination patterns of
Co(II) complexes

To promote catalytic activity by leveraging the structural
differences of Co(II) complexes, Schiff base imine ligands for the
Co(II) complex were prepared via condensation of various
amines with the corresponding aromatic aldehydes, as illus-
trated in Scheme 1. The obtained ligands were puried by
vacuum distillation, and their chemical structures were
successfully conrmed by nuclear magnetic resonance (NMR)
(Fig. S1–S6†) and Fourier transform infrared (FT-IR) spectro-
scopic analyses (Fig. 1, S7 and S8†).

Ligands bearing nitrogen with different hybridizations are
easily ligated to the metal center. In this regard, Co(II) readily
accepts Schiff base ligands (Ln) upon mixing with CoCl2$6H2O
to form monomeric complexes [LnCoCl2] (Ln = LA–LC) in high
yields (72–75%). The chemical structures of the obtained Co(II)
complexes were conrmed using spectroscopic techniques
(Fig. 1 and S7–S8†). For example, a comparison of the FT-IR
spectra of the ligands (Ln = LA–LC) with those of the
complexes [LnCoCl2] (Ln = LA–LC) revealed a slight shi of the
n(C]N) peak to a lower frequency, indicating that complexation
was achieved through the bonding of imine nitrogen and the
M(II) center.31,32,40 For instance, the C]N band appeared at
1633 cm−1 for LC, whereas it appeared at 1618 cm−1 for [LC-
CoCl2]. The C]N bond became weaker upon chelation because
of the inductive effect resulting from the sharing of the lone
electron pair on the imine nitrogen with the M(II) center.41 The
ligation of ligands to metal ions through the nitrogen atom was
also conrmed by the presence of new bands at 608, 565, and
566 cm−1 assigned to n(M–N).40,42,43 The vibration peak observed
in the 1453–1425 cm−1 region is assigned to symmetrical and
asymmetrical n(C]C) stretching vibrations of the thiophene
ring.44,45 In the present study, n(C–O) and (C–S) stretching
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 FT-IR spectra of LC (top) and [LCCoCl2] (bottom).

Fig. 2 An ORTEP diagram of (A) [LBCoCl2] and (B) [LCCoCl2] with
thermal ellipsoids at 50% probability. All hydrogen atoms have been
omitted for clarity.
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vibrations were observed at 1040 and 861 cm−1, respectively, in
the FT-IR spectra of Co(II) complexes.31,45–47

These complexes were stable under atmospheric conditions
and could be stored for months at room temperature without
deterioration. The purity of the complexes [LnCoCl2] (Ln = LA–
LC) was veried by performing composition analysis (%) of the
C, H, and N constituents, and good correlations between the
calculated and observed values were found (Fig. S9†).

Structural analyses of obtained Co(II) complexes depending on
the Schiff base imine ligands by X-ray crystallographic study

Single-crystal X-ray diffraction studies were performed to
determine the geometries of the Co(II) complexes. ORTEP
diagrams for [LBCoCl2] and [LCCoCl2] are shown in Fig. 2, and
the selected bond lengths and angles are listed in Table S2.†

Five-coordinate [LACoCl2] had a square pyramidal geometry
around the Co(II) metal center, whereas the coordination envi-
ronment around the Co(II) center with ve-coordinate [LBCoCl2]
was distorted trigonal bipyramidal and was obtained via coor-
dination with the nitrogen atoms of the quinoline and azome-
thine moieties and the oxygen atom of the methoxy
functionality of LB. The same is evident from a comparison of
the geometric parameter (s5) for the ve-coordinate complexes;
complexes [LACoCl2], and [LBCoCl2] coordinated with N,N,N-
and N,N,O-tridentate ligands, respectively, and adopted square
pyramidal and trigonal bipyramidal geometries (Table 1).31 The
s5 parameter is one and zero for perfect trigonal bipyramidal
and perfect square pyramidal, respectively.48,49 Based on the s5
values, the geometry of [LBCoCl2] is more distorted than that of
[LACoCl2].

The Co–Nquinoline and Co–Nimine bond lengths in [LBCoCl2]
were 2.1827(12) and 2.0509(12) Å, respectively. The fact that the
Co–Nquinoline bond is longer than the Co–Nimine bond is prob-
ably due to the difference in basicity between the quinoline and
© 2022 The Author(s). Published by the Royal Society of Chemistry
imine nitrogen atoms. These structural parameters agree well
with the nding that the imine M(II) complexes have a trigonal
bipyramidal structure.43 Additionally, oxygen is also coordi-
nated with the Co(II) center with a bond length of 2.212(12) Å,
which is in contrast with the pyridine-derived Co(II) complexes
previously studied.31 The average bond length of Co–Cl was
2.2723 Å, which was within the usual range for Co(II)
complexes.28 The double imine (N]C) bond distances of
1.2798(17) and 1.278(3) Å for [LBCoCl2] and [LCCoCl2],
RSC Adv., 2022, 12, 35896–35904 | 35899
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Table 1 Five-coordinate geometry indices (s5) for [LACoCl2] and [LBCoCl2] and four-coordinate geometry indices (s4) for [LCCoCl2] with
representative examples from the literature

Complexes Geometry s5 s4 References

Trigonal bipyramidal (D3h) Trigonal bipyramidal 1.00 48 and 49
[LACoCl2] Square pyramidal 0.10 31
[LBCoCl2] Trigonal bipyramidal 0.62 This work
[(bpma)Co(m–Cl)Cl]2

a Trigonal bipyramidal 0.776 43
[(mpme)CoCl2]

b Square pyramidal 0.414 31
[(dppd)CoCl2]

c Square pyramidal 0.025 31
Square pyramidal (C4v) Square pyramidal 0.00 48 and 49
Square planar (D4h) Square planar 0.00 50
[LCCoCl2] Tetrahedral 0.88 This work
[(pmha)PdCl2]

d Square planar 0.07 32
Tetrahedral (Td) Tetrahedral 1.00 50

a [bpma] = 4-bromo-N-((pyridin-2-yl)methylene)benzenamine. b [mpme] = (E)-2-morpholino-N-(pyridin-2-ylmethylene)ethanamine. c [dppd] = (E)-
N1,N1-dimethyl-N3-(pyridin-2-ylmethylene)propane-1,3-diamine. d [pmha] = (E)-N-(pyridin-2-ylmethylene)hexan-1-amine.
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respectively, agree well with the reported values for Co(II)
complexes.30 The C(9)–C(10) and C(4)–C(5) bond distances of
1.4739(19) and 1.442(4) Å, respectively, for [LBCoCl2] and [LC-
CoCl2], respectively, also fall within the usual range, which is
indicative of delocalized p-electrons.43 The Nimine–Co–Nquinoline

(107.14(4)°) bond angle for the ve-membered ring was
comparable to, albeit slightly larger than, that reported for the
Co(II) complex. The Noxygen–Co–Nimine and Clterminal–Co–
Clterminal bond angles in [LBCoCl2] were 118.68(3)° and
11.11(1)°, respectively.30

The geometry of [LCCoCl2] can be best described as distorted
tetrahedral and is obtained via coordination with the N,N-
bidentate ligand, and two chloro ligands. The bond lengths of
Co–Nimine and Co–Namine are 2.040(2) and 2.078(2) Å, respec-
tively. As shown in Table 1, the average Co–Cl and –N]C
distances of 2.2239(9) and 1.278(3) Å, respectively, are within
the acceptable range, respectively.31 The s4 value is proposed as
a simple metric for quantitatively evaluating the geometry of
four-coordinated complexes (Table 1).50 Complexes with an
ideal square planar geometry are characterized by a s4 value of
zero, whereas a s4 value of one is characteristic of ideal tetra-
hedral geometry. The s4 parameters of [LCCoCl2]were compared
in the reported work and found to be distorted tetrahedral.31,50

Additionally, the angle between the ve-membered N,N′

chelating ring and thiophene ring in [LCCoCl2] was 17.04(3)°.
Fig. 3 Topographic steric maps of Co(II) complexes, [LnCoCl2] (Ln = LA–

35900 | RSC Adv., 2022, 12, 35896–35904
The ligand topologies around the Co(II) center were visual-
ized and calculated using the SambVca 2.1 program.51 The steric
maps showed that [LACoCl2] with a pyridine moiety exhibited
a crowded environment around the Co(II) center with a Vbur
value of 51.0%, whereas [LBCoCl2] with a quinoline-derived
ligand showed a Vbur value of 51.1%. [LCCoCl2] exhibited the
least crowded environment with Vbur 46.6%. Topographic steric
maps of [[LnCoCl2] (Ln = LA–LC)] illustrating the steric bulk of
the attached ligands around the metal center are shown in
Fig. 3.
The catalytic activity of Co(II) complexes for the vinyl addition
polymerization of NB

To compare the catalytic reactivity for NB polymerization, three
Co(II) complexes were examined as catalysts in conjunction with
MMAO as a co-catalyst (Fig. 4 and Table 2). The two Co(II)
complexes, [LBCoCl2] and [LCCoCl2], proved to be highly active
and produced PNB with a higher yield than [LACoCl2] at a [NB]/
[Al]/[Co] ratio of 1000 : 500 : 1 in chlorobenzene at 25 °C.
However, [LCCoCl2] clearly showed faster propagation in the
early stages of polymerization and afforded a narrower molec-
ular weight distribution (MWD) with a higher molecular weight
of PNB. The obtained PNB was further analyzed by NMR for
structural analysis (Fig. S10 and S11†), and the FT-IR spectra of
PNB showed no signals at 1620–1680, 966, and 760 cm−1,
LC).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A) Time–yield plots and (B) size exclusion chromatography
curves for the polymerization of NB with [LnCoCl2] (Ln = LA–LC) in
chlorobenzene at 25 °C: [Monomer]0/[MMAO]0/[Co(II) catalyst]0 = 650
mM/325 mM/0.65 mM in 20 mL chlorobenzene.
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indicating that NB was polymerized by vinyl addition
(Fig. S12†).32,52

A comparison of catalyst efficiencies showed that the [LC-
CoCl2] complex had the highest catalytic activity (4.69 × 104

gPNB mol Co−1 h−1) at 25 °C. Under identical experimental
conditions, the activities of the Co(II) complexes decreased in
the following order: [LCCoCl2] > [LBCoCl2] > [LACoCl2] (Table 2).
From the polymerization results, the effect of the catalyst
structure on NB polymerization is apparent. For instance, Co(II)
complexes bearing N,N-bidentate ligands exhibited higher
activities than those bearing N,N,N- and N,N,O-tridentate
ligands. These results agree with previous reports, where steri-
cally demanding substituents around the metal center nega-
tively affected NB polymerization. The presence of bulky
substituents hinders the facile coordination of the bulky NB
monomer with the active site, resulting in a decrease in
activities.53–55 Similarly, the difference in the activities of [LA-
CoCl2] and [LBCoCl2], which have tridentate ligands and almost
the same buried volumes (Fig. 3), is apparent (Table 2); the
quinoline moiety-bearing catalyst exhibited higher activities
than the Co(II) catalyst complexes bearing pyridine-based
ligands. These results agree well with our recent reports on
Pd(II) complexes bearing amino-methylpyridine and amino-
methylquinoline derivatives.53

Co(II) coordinates with the nitrogen atoms of the ligand via
a lone pair of electrons. The ease of availability of these lone
pairs controls the net positive charge on the metal center, i.e.,
the higher the basicity of nitrogen and better the electron
availability, the stronger will be the Co–N bond, as is evident
from the Co–Nquinoline (2.1827(12) Å) and Co–Npyridine (2.1610(1)
Å) bond lengths. This scenario can result in a slightly less
electropositive metal center for monomer addition. The quin-
oline ring, which is less basic than pyridine, could exert a more
diverse steric and electronic environment on the reactive center
than the pyridine ring, providing a more electropositive Pd(II)
center. Generally, the transition metal complexes with ligands
which made the metal center more electron decient exhibited
higher activities as the olen could easily coordinate to the
electron-decient metal center.56 On the other hand, bulky
substituted ligands attached to the transition metal complexes
© 2022 The Author(s). Published by the Royal Society of Chemistry
are of great benet to the polymerization, because the bulky
moieties can either protecting the metal center and manipu-
lating b-H elimination is inhibited in the polymerization
process. These results indicated the apparent but irregular
inuences of the steric and electronic effects, originating from
the collaborations of basicity and steric bulk of ligand substit-
uents. This phenomenon has been supported by recent work by
Shi and Jin group, demonstrating the steric hindrance and
electronic effect of on the catalytic properties of Pd and Ni
complexes.56,57 Thus, not only the steric hindrance but also the
electronic properties of ligands have a signicant inuence on
catalytic performance.

To investigate the optimal reaction parameters for the
polymerization of NB using the [LnCoCl2]/MMAO system, poly-
merization was performed under various conditions, such as
different [Al]/[Co] ratios, temperatures, polymerization times,
and solvents (Table 2, Fig. S13 and Table S3–S5†). The polymer
yield and catalytic activity depended on the reaction conditions,
and polymerization at 25 °C with a [NB]/[Al]/[Co] ratio of 1000 :
500 : 1 was found to be the most effective. The co-catalyst
MMAO plays an important role in forming an active species,
i.e., maintaining active catalyst precursors as well as forming
catalytically active cation–anion ion pairs.57,58 In the absence of
MAO, the chloride complexes were inactive for NB polymeriza-
tion due to the lack of a cationic M+–C center for the initiation
and propagation steps of polymerization.57 The catalytic activity
of [LBCoCl2] sharply increased from 0.3 to 3.48 × 104 gPNB mol
Co−1 h−1 on increasing the [Al]/[Co] ratio from 100 to 400 (Table
S3†). The highest catalytic activity (4.22 × 104 gPNB mol Co−1

h−1) was achieved when the ratio of [Al]/[Co] was increased to
500 (Table S3,† entry 5). Excess MMAO is desirable for poly-
merization, which might be due to the scavenging of impurities
and regeneration of the active species deactivated by
transformation/elimination in the system.58–60 However,
a further increase in the MMAO concentration had a negative
effect on NB polymerization. Although the polymerization
mechanism is no obvious at this point, however the polymeri-
zation should start with the formation of a metal alkyl complex
as the catalytically active species generated by the reaction of
metal complex with MAO. The norbornene monomer occupies
the coordination site, and the norbornene would insert into the
M–C bond; a repetition of the coordination insertion steps leads
to polymer chain growth. Generally, the catalytic species with
decrease electron density on the N atom, leading to rapider
insertion of monomer.61,62

Temperature is another crucial parameter for controlling the
NB polymerization progress, in addition to the use of MMAO.
When NB polymerization was conducted at 0 °C using [LC-
CoCl2], PNB was obtained in 86.4% yield (Table 2, entry 7). The
PNB yield and activity increased appreciably, with the yield
increasing from 86.4% to 98.9% and the activity for [LCCoCl2]
increasing from 4.09× 104 gPNB mol Co−1 h−1 to 4.69 × 104

gPNB mol Co−1 h−1, when the polymerization temperature was
increased up to 25 °C (Table 2, entry 8). However, when the
temperature exceeded 40 °C, a decrease in the catalytic activity
compared to that at 25 °C was observed, indicating the impor-
tance of a suitable polymerization temperature for this Co(II)/
RSC Adv., 2022, 12, 35896–35904 | 35901
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Table 2 NB polymerization by Co(II) complexes in the presence of MMAO at various temperatures

Entry Catalysta Temp. (°C) Yieldb (%) Activityc (g mol Cat−1 h−1)×104 Mn
d (g mol−1) Mw/Mn

d

1 [LACoCl2] 0 82.5 4.09 125 000 1.59
2 [LACoCl2] 25 72.7 3.44 120 000 1.65
3 [LACoCl2] 40 59.0 2.79 75 000 2.08
4 [LBCoCl2] 0 85.2 4.04 181 000 1.39
5 [LBCoCl2] 25 89.1 4.22 125 000 1.59
6 [LBCoCl2] 40 67.9 3.22 74 000 1.79
7 [LCCoCl2] 0 86.4 4.09 121 000 1.63
8 [LCCoCl2] 25 98.9 4.69 240 000 1.13
9 [LCCoCl2] 40 59.0 2.79 177 000 1.29

a [NB]0/[MMAO]0/[Co(II) catalyst]0 = 650 mM/325 mM/0.65 mM in chlorobenzene 20 mL at 25 °C for 2 h. b Yield is dened as (a mass of dried
polymer recovered)/(a mass of monomer used). c Activity is a gPNB mol Co−1 h−1. d Measured via SEC calibrated with PS standards in
chloroform (40 °C, ow rate 1.0 mL min−1).
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MMAO system. No clear trends in theMn values and MWD with
decreasing polymerization temperature were observed for the
[LnCoCl2]/MMAO system (Table 2). It is not difficult to realize
that the rate of monomer consumption and the resultant PNB
yield increased with polymerization time, while the catalytic
activity decreased because the rate of catalysis was slowed down
due to the viscosity of the converted PNB (Table S3†).63 For
example, in the case of [LCCoCl2], the activity dropped from
64.1× 104 gPNB mol Co−1 h−1 at 5 min to 4.69× 104 gPNB mol
Co−1 h−1 at 120 min (Table S4,† entries 1 and 7).

The polarity of the solvent also has a signicant effect on the
activity of the [LnCoCl2]/MMAO (Ln = LA–LC) system for PNB
synthesis. An increase in the relative polarity of the solvent from
toluene (polarity 0.099) to chlorobenzene (0.188) resulted in
a signicant increase in the PNB yield at 25 °C. A further
increase in the polarity of the solvent, i.e., using 1,2-dichloro-
ethane (0.327) as the polymerization solvent, had a detrimental
effect on the catalytic performance of the [LnCoCl2]/MMAO (Ln
= LA–LC) system. Thus, the appropriate choice of polymeriza-
tion solvent with optimal polarity is crucial for controlling NB
polymerization (Table S5†). Polymerization in toluene was
carried out at 80 °C and yields of 65–70% were obtained, indi-
cating that the Co(II) catalysts had reasonable thermal stability.

The Co(II) system reported herein exhibited a higher yield
(98%within 2 h) with a lower co-catalyst concentration ([Al]/[Co]
ratio of 500 : 1) at 25 °C than a recently reported Pd(II) complex
bearing tridentate quinoline-based ligands (76% yield within
5 min with a Al/Pd ratio of 5000 : 1), although the activity of our
system was slightly lower (Table 2).64 Similarly, compared to the
[LnCoCl2]/MMAO system reported here, a recently studied
cationic acetylacetonate bis(secondary amine) Pd(II) complex
displayed a higher activity (1.3 × 105 gPNB mol Pd−1 h−1) but
a lower yield (56% in 4 h) for vinyl-type NB polymerization in the
presence of 25 eq. BF3$OEt2 as the co-initiator.65
Conclusions

A series of Co(II) complexes based on N,N,N- and N,N,O-tri-
dentate and N,N-bidentate Schiff base ligands were studied. The
geometries around the Co(II) center in [LBCoCl2] and [LCCoCl2]
can be described as distorted trigonal bipyramidal and
35902 | RSC Adv., 2022, 12, 35896–35904
distorted tetrahedral, respectively. To optimize the polymeri-
zation of NB by the [LnCoCl2]/MMAO system, various polymer-
ization conditions were investigated. Upon activation with
MMAO, the Co(II) complexes served as promising catalysts for
the vinyl-type polymerization of NB. Catalytic activities of up to
4.69 × 104 gPNB mol Co−1 h−1 at 25 °C were demonstrated by
[LnCoCl2]/MMAO in chlorobenzene. This system represents the
rst example of a Co(II)/MMAO system yielding 99% yield at 25 °
C. It has been demonstrated that the steric hindrance and
electronic properties of ligand architectures inuence their
catalytic properties.
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