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olymerization of methyl
methacrylate and rac-lactide mediated by
iminomethylpyridine based Cu(II) complexes†

Jaegyeong Lee,a Minyoung Yoon, a Hyosun Lee *a and Saira Nayab*b

Iminomethylpyridine based copper(II) complexes [LnCuCl2] (Ln ¼ LA, LC–LF) and [LBCu(m-Cl)Cl]2 have been

synthesized and characterized. [LCCuCl2] and [LECuCl2] were identified to possess distorted square

pyramidal geometries obtained via N,N0-bidentate coordination, whereas [LFCuCl2] showed N,N0,N00-
coordination of the corresponding ligand (LF). [LBCu(m-Cl)Cl]2 was found to be dimeric with a distorted

square pyramidal geometry around the Cu(II) center. The catalytic properties of dimethyl derivatives,

generated in situ, towards the ring opening polymerization (ROP) of rac-LA were investigated. All the

complexes efficiently polymerized rac-LA and yielded heterotactic poly(lactide) (PLA) (Pr up to 0.88 at

�25 �C). Further, these complexes could effectively polymerize methyl methacrylate (MMA) at 60 �C in

the presence of modified methylaluminoxane (MMAO), to furnish syndio-enriched PMMA. The catalytic

efficacies of synthesized complexes can be correlated to the suitable complexity of the substituents

attached to the ligand architecture. Thus, both the steric and electronic properties as well as the

orientation of the various substituents relative to the xy plane of the pyridyl moiety and metal center play

an influential role in steering catalytic activities, whereas the selectivities remain unaffected.
1. Introduction

Schiff bases and their derivatives have attracted considerable
attention owing to their excellent synthetic exibility, thermal
stability, selectivity, and sensitivity towards the central metal
atom.1–4 Schiff bases are considered as privileged ligands due to
their excellent chelating abilities to furnish stable coordination
complexes with a variety of metals, since they exhibit structural
variations from N,N0-bidentate to N,N0,X-tridentate and
N,N0,N,X0-tetradentate.5–7 Metal complexes ligated to Schiff base
derivatives are endowed with a wide range of interesting prop-
erties appropriate for application in elds such as catalysis,8,9

medicine,10,11 crystal engineering12 as an anti-corrosion agent,13

photochemistry,14 biochemistry,15 organic synthesis,16 and
materials science.17 More recently, transition metal complexes
coordinated to the N-substituted N,N0- or N,N0,N00-iminome-
thylpyridine derivatives proved to be promising candidates for
selective catalysts18 and were successfully employed as ligands
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in various applications.19–21 For instance, Hsiao22 described the
synthesis of Cu(II) complexes with iminopyridine ligands for
atom transfer radical polymerization (ATRP). Similarly,
iminomethylpyridine-based Fe(II) and Mo(0) complexes for the
polymerization of MMA were reported to furnish syndio-
-enriched PMMA.23,24

Stereocontrol is of high importance during polymerization,
as tacticity affects key mechanical properties of polymers, such
as crystallinity, thermal behaviors and brittleness. Apart from
mechanical properties, gas permeation and chemical degrada-
tion prole are also dependent on stereochemical makeup of
polymer.25 However, careful choice of ligand architecture is
mandatory to create stereo-controlled polymer. For instance,
Marks and coworkers26 showed that chiral ansa-bridged lan-
thanocenes give isotactic or syndiotactic PMMA based on the
ligand assembly. Similarly, Yasuda and coworkers27 reported
that Cp2*LnR (Ln ¼ Sm or Yb) catalyzed highly syndiotactic
PMMA. Schiff base derived late transition metal complexes,
such as (a-diimine)-based nickel complexes, pyridylbisimine-
based Fe(II) and Co(II), iminopyridine- or aminopyridine-based
Fe(II) complexes polymerized MMA to give syndio-enriched
PMMA.28 Schiff based derived-Zn(II) complexes displayed excel-
lent catalytic performance with mediocre to high stereo-
slectivities.29,30 The design and synthesis of tridentate N,N0,N00-
Schiff bases ligands for controlled polymerization of polar
monomers have been recently disclosed.31,32 In this regard, we
have recently employed Pd(II), Zn(II), Cu(II) and Cd(II) initiators
supported with iminomethylpyridine derived Schiff bases
RSC Adv., 2020, 10, 16209–16220 | 16209
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View Article Online
towards stereoselective ROP of rac-LA andMMA polymerization.
These catalysts were effective and afforded high-molecular-
weight PLAs and PMMAs with mediocre to high syndiotactic-
ities.33–38 As an extension of our continuous interest in the
stereoselective ROP of rac-LA and MMA polymerization, we
synthesized Cu(II) complexes ligated to iminomethylpyridine
derivatives and investigated their catalytic efficacy in MMA and
rac-LA polymerization in this study.

2. Experimental
2.1. General considerations

All reactions were performed using standard Schlenk tech-
niques under an atmosphere of high-purity argon or using
glovebox techniques. All the starting materials including
CuCl2$2H2O, 2-pyridinecarboxaldehyde, N,N-dimethylethylene-
diamine, 2-methoxyethylamine, 1-(2-aminoethyl)piperidine, 4-
(2-aminoethyl)morpholine, 3-(dimethylamino)-1-propylamine,
3-methoxypropylamine, magnesium sulfate (MgSO4), molec-
ular sieve (0.4 nm), methyl lithium solution (1.6 M in diethyl
ether), and methyl methacrylate (MMA) were purchased from
Aldrich and Merck. Anhydrous solvents such as acetone,
ethanol (EtOH), dimethylformamide (DMF), diethyl ether
(Et2O), and dichloromethane (CH2Cl2), n-pentane and n-hexane
were purchased from Merck and used without further puri-
cation. Modied methylaluminoxane (MMAO) was purchased
from Tosoh Finechem. Corporation as a 5.90 wt% aluminum in
toluene solution and used without further purication. 3,6-
Dimethyl-1-dioxane-2,5-dione (rac-LA) was purchased from
Aldrich and stored in a glove box. Toluene and THF were dried
by reuxing over sodium and benzophenone, and then distilled
under argon and stored over activated molecular sieves (4 Å) for
24 h in a glovebox prior to use. CDCl3, C6D6, and C2D2Cl4 were
dried over activated 4 Å molecular sieves. CH2Cl2 and n-hexane
were dried over CaH2 for 48 h, distilled under argon, and stored
over activated molecular sieves (4 Å) in a glovebox prior to use.

The ligands (E)-N1,N1-dimethyl-N2-(pyridin-2-ylmethylene)
ethane-1,2-diamine (LA),39 (E)-2-methoxy-N-(pyridin-2-
ylmethylene)ethanamine (LB),40 (E)-2-(piperidin-1-yl)-N-
(pyridin-2-ylmethylene)ethanamine (LC),41 (E)-2-morpholino-N-
(pyridin-2-ylmethylene)ethanamine (LD),38 (E)-N1,N1-dimethyl-
N3-(pyridin-2-ylmethylene)propane-1,3-diamine (LE),36 and (E)-
3-methoxy-N-(pyridin-2-ylmethylene)propan-1-amine (LF)36 were
synthesized by a previously reported method. The synthesis of
[LACuCl2] and [LDCuCl2] was carried out as previously
reported.42,43

1H NMR (operating at 500 MHz) and 13C NMR (operating at
125 MHz) spectra were recorded by a Bruker Avance Digital
NMR spectrometer. Chemical shis were recorded in ppm units
(d) using SiMe4 as an internal standard. Infrared (IR) spectra
were recorded on Bruker FT/IR-Alpha (neat) instrument and
data were reported in cm�1. Elemental analyses (C, H, and N) of
the prepared complexes were carried out using an elemental
analyzer (EA 1108; Carlo-Erba, Milan, Italy). GPC analysis of PLA
samples was performed at room temperature using THF as the
eluent on a Waters Alliance GPCV2000 instrument equipped
with differential refractive index detectors and calibrated using
16210 | RSC Adv., 2020, 10, 16209–16220
monodisperse polystyrene (PS) standards at a ow rate of 1.0
mL min�1. Number-average molecular weight (Mn) and PDI
values of the polymers are given relative to PS standards.
Microstructural analysis of obtained PLA was determined by
inspecting the methine proton region of the homodecoupled 1H
NMR spectra (Fig. S4 and S5†).44 The probability of heterotactic
enchainment (Pr values) was calculated using the equation Pr ¼
2I1/(I1 + I2) where I1 ¼ (sis + sii) and I2 ¼ (iis + iii + isi).45,46

Microstructural analysis of PMMA was carried out using 1H
NMR and it was classied as syndiotactic (rr, 0.85 ppm), het-
erotactic (mr, 1.02 ppm), and isotactic (mm, 1.21 ppm).47,48 The
representative 1H NMR spectrum for calculating tacticity of
PMMA is shown in Fig. S1.† The glass transition temperature
(Tg) was measured using a thermal analyzer (DSC 4000;
PerkinElmer).
2.2. Synthesis

2.2.1 2-Methoxy-N-(pyridin-2-ylmethylene)ethanamine(di-
chloro)copper(II), [LBCu(m-Cl)Cl]2. A solution of LB (0.821 g, 5.00
mmol) in anhydrous EtOH (10.0 mL) was added to a solution of
CuCl2$2H2O (0.852 g, 5.00 mmol) in anhydrous EtOH (10.0 mL)
and stirred at room temperature for 12 h to form a green
powder. The solid was ltered and washed with cold EtOH
(20.0 mL � 2), followed by washing with Et2O (20.0 mL � 3).
The resultant solid was dried under vacuum to yield [LBCu(m-Cl)
Cl]2 as a nal product (1.37 g, 92%). Analysis calculated for
C9H12Cl2CuN2O (%): C, 36.2; H, 4.05; N, 9.38. Found: C, 36.0; H,
4.02; N, 9.19. FTIR (solid neat; cm�1): n(C–H) 2915 w; n(C]C)
1651 m; n(C]N)/py and n(C]C)py 1474 m and 1436 m; d(–C–H
sp3) 1306 m; n(N–C) 1227 s; n(C–O) 1112 (s); d(C–H sp2) 837 m.

2.2.2 2-(Piperidin-1-yl)-N-(pyridin-2-ylmethylene)ethana-
mine(dichloro)copper(II), [LCCuCl2]. An analogous method
described for [LBCu(m-Cl)Cl]2 was adopted for the synthesis of
[LCCuCl2], except utilizing LC (1.09 g, 5.00 mmol) and CuCl2-
$2H2O (0.852 g, 5.00 mmol) to get the nal product (1.44 g,
82%). Analysis calculated for C13H19Cl2CuN3 (%): C, 44.4; H,
5.44; N, 12.0. Found: C, 44.6; H, 5.48; N, 11.9. FTIR (solid
neat; cm�1): n(C–H) 2935 w; n(C]C) 1656 m; n(C]N)/py and
n(C]C)py 1599 m and 1462 w; d(–C–H sp3) 1326 m; n(N–C)
1215 s; d(C–H sp2) 860 m.

2.2.3 N1,N1-Dimethyl-N3-(pyridin-2-ylmethylene)propane-
1,3-diamine(dichloro)copper(II), [LECuCl2]. An analogous
method described for [LBCu(m-Cl)Cl]2 was adopted for the
synthesis of [LECuCl2], except utilizing LE (0.956 g, 5.00 mmol)
and CuCl2$2H2O (0.852 g, 5.00 mmol) to yield the nal product
(1.51 g, 93%). Analysis calculated for C11H17Cl2CuN3 (%): C,
40.6; H, 5.26; N, 12.9. Found: C, 40.7; H, 5.24; N, 12.9. FTIR
(solid neat; cm�1): n(C–H) 2896 w; n(C]C) 1636 w; n(C]N)/py
and n(C]C)py 1590 m and 1438 w; d(–C–H sp3) 1385 m; n(N–
C) 1226 s; d(C–H sp2) 855 m.

2.2.4 3-Methoxy-N-(pyridin-2-ylmethylene)propan-1-ami-
ne(dichloro)copper(II), [LFCuCl2]. An analogous method
described for [LBCu(m-Cl)Cl]2 was adopted for the synthesis of
[LFCuCl2], except utilizing LF (0.891 g, 5.00 mmol) and CuCl2-
$2H2O (0.852 g, 5.00 mmol) to yield the nal product (1.33 g,
85%). Analysis calculated for C10H14Cl2CuN2O (%): C, 38.4; H,
This journal is © The Royal Society of Chemistry 2020
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4.51; N, 8.96. Found: C, 38.7; H, 4.51; N, 8.98. FTIR (solid
neat; cm�1): n(C–H) 3017 w; n(C]C) 1647 s; n(C]N)/py and
n(C]C)py 1597 m and 1476 w; d(–C–H sp3) 1449 m; n(N–C)
1221 s; n(C–O) 1118 (s); d(C–H sp2) 871 m.

2.3. Crystal structure determination

An X-ray-quality single crystal was coated with paratone-N oil
and the diffraction data were acquired at different temperatures
and wavelengths. At 100(2) K, the X-ray diffraction data of
[LBCu(m-Cl)Cl]2 and [LECuCl2] were collected using synchrotron
radiation with l¼ 0.63000 and 0.61000 Å, respectively. At 200(2)
K, the X-ray diffraction data of [LCCuCl2] and [LFCuCl2] were
collected using home machine X-ray source (l ¼ 0.71073 Å) and
synchrotron radiation (l ¼ 0.610 Å), respectively. The synchro-
tron X-ray diffraction data were collected using a Rayonix
MX225HS CCD area detector at 2D SMC with a silicon (111)
double crystal monochromator (DCM) at the Pohang Acceler-
ator Laboratory, South Korea. The PAL BL2D-SMDC Program49

was used for data collection (detector distance is 66 mm, omega
scan;Du¼ 1�, exposure time varies 0.1–1 s per frame depending
on the size of crystals) and HKL3000sm (Ver. 703r)50 was used
for cell renement, reduction, and absorption correction. The
homemachine X-ray diffraction data was collected using Bruker
a APEX-II detector and sealed Mo Ka X-ray source (l ¼ 0.71073)
with graphite monochromator. The Bruker SMART was used for
data collection and cell renement. The data reduction and
absorption correction was done using Bruker SAINT and Bruker
SADABS program, respectively. Structures were solved by direct
methods, and rened by full-matrix least-squares renement
using the SHELXL-2018 (ref. 51) computer program. The posi-
tions of all non-hydrogen atoms were rened with anisotropic
displacement factors. All hydrogen atoms in [LBCu(m-Cl)Cl]2,
[LCCuCl2], and [LFCuCl2] were placed using a riding model, and
their positions were constrained relative to their parent atoms
using the appropriate HFIX command in SHELXL-2018. All
hydrogen atoms in [LECuCl2] were found in difference Fourier
map and rened isotopically. X-ray crystallography with PLS-II
2D-SMC beamline was supported by MSIP and POSTECH. The
crystallographic renements and structural data of [LBCu(m-Cl)
Cl]2, [LCCuCl2], [LCCuCl2], and [LCCuCl2] are summarized in
Table S1.†

2.4. Ring opening polymerization of rac-LA

In the polymerization of rac-LA using a dimethyl copper initi-
ator, the active catalyst species were generated as follows. Under
dry argon conditions, dried THF (7.35 mL) was added to
a 100 mL Schlenk ask containing the complex ([LACuCl2]
(0.156 g, 0.50 mmol), [LBCu(m-Cl)Cl]2 (0.149 g, 0.50 mmol),
[LCCuCl2] (0.176 g, 0.50 mmol), [LDCuCl2] (0.177 g, 0.50 mmol),
[LECuCl2] (0.163 g, 0.50 mmol), and [LFCuCl2] (0.156 g, 0.50
mmol)), and stirred to dissolve the complex. To this solution,
MeLi (1.00 mmol, 0.65 mL of a 1.6 M solution in Et2O) was
added dropwise to produce the dimethyl Cu(II) species. Aer
stirring at room temperature for 2 h, the THF solution of the
resulting dimethyl Cu(II) complex was used to catalyze the ROP
of rac-LA. The general procedure for the polymerization reaction
This journal is © The Royal Society of Chemistry 2020
was as follows. A Schlenk ask (100mL) was charged with rac-LA
(0.901 g, 6.25 mmol) under argon atmosphere and 5.00 mL of
dried CH2Cl2 was added. The polymerization was initiated by
slow addition of the catalyst solution (1.0 mL, 0.0625 mmol) via
a syringe under argon at 25 �C and�25 �C. The reactionmixture
was stirred for the specied time and the polymerization reac-
tions were quenched by using H2O (1.0 mL) followed by the
addition of n-hexane (2.0 mL) and the solvent was evaporated
directly to give sticky polymeric material. The resultant poly-
meric residue was subjected to monomer conversion determi-
nation, which was monitored by integrating monomer versus
polymer methine resonances in 1H NMR spectrum. The
precipitates collected from the bulk mixture were again dis-
solved with CH2Cl2, and sequentially precipitated into n-
hexane. Solvents were decanted and the white solids were dried
in vacuo followed by drying in a vacuum oven at 40 �C for 12 h.
1H NMR (CDCl3, 500MHz) for the obtained polymer: d 5.13–5.20
(m, 1H), 1.51–1.63 (m, 3H).

The addition of water for quenching is assumed to be
resulted in Me/OH chain ends,52,53 and Cu species being slightly
soluble in n-hexane and CH2Cl2 will remain in solution which
was decanted. However, the complete removal of Cu traces from
polymer is not conrmed yet, and this pending issue will be
investigated in future works.
2.5. MMA polymerization

MMA was puried by distillation before use. Under dry argon
conditions, dried toluene (10.0 mL) was added to a 250 mL
Schlenk ask containing the complex ([LACuCl2] (4.68 mg, 15.0
mmol), [LBCu(m-Cl)Cl]2 (4.48 mg, 15.0 mmol), [LCCuCl2] (5.28 mg,
15.0 mmol), [LDCuCl2] (5.31 mg, 15.0 mmol), [LECuCl2] (4.89 mg,
15.0 mmol), and [LFCuCl2] (4.69 mg, 15.0 mmol)) and stirred to
dissolve the catalyst. In this ask, MMAO (modied methyl-
aluminoxane, 5.90 wt% in toluene, 3.80 mL, [MMAO]0/[M(II)
catalyst]0 ¼ 500) was added. Aer the mixture had been stirred
for 20 min, MMA (5.00 mL, 47.1 mmol, [MMA]0/[M(II) catalyst]0
¼ 3100) was transferred to the mixture of catalyst and co-
catalyst. The reaction ask was immersed in an oil bath at
60 �C and stirred for 2 h with maintained temperature. The
resulting product was placed in a mixture of MeOH (500 mL)
and HCl (5.00 mL) and stirred to remove the remaining co-
catalyst. The polymer was ltered and washed with MeOH
(100 mL � 3) to obtain PMMA, and it was vacuum-dried at 60 �C
overnight to remove the solvent.
3. Results and discussion
3.1. Synthesis and properties

Iminomethylpyridine ligands are important building blocks
and are known to coordinate easily to transition metals36–41

These complexes have wide range of applications in catalysis
due to their versatile coordination behavior and ne tuning of
their stereo-electronic properties. In order to study the effects of
different ligand substitution patterns on the polymerization
behavior, six substituted 2-iminomethylpyridine derivatives
have been selected. For instance, the linker unit variation in LA
RSC Adv., 2020, 10, 16209–16220 | 16211
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and LE with an identical iminomethylpyridine framework has
been selected to investigate the inuence of linking alkyl chain
of amine and imine moieties on catalytic activities. For
comparison ligands, LB and LF, with an ether arm on imine
functionality has been selected, an alkyl chain with an oxygen at
fourth or h position, respectively, to generate mixed ligand
architecture with better d-donor and p-acceptor properties. To
further extend the substituent inuence on activity and ster-
eoselectivity, the morpholine and piperidine moieties as close-
ring substituents in LC and LD have been employed to
generate more rigid ligand framework. These iminomethylpyr-
idine ligands (Ln ¼ LA–LF) used in the current study were
synthesized as reported previously (Fig. 1).36–41

A series of new Cu(II) complexes were furnished (in yield ¼
81–93%) by treating these ligands (Ln ¼ LA–LF) with CuCl2-
$2H2O in a 1 : 1 molar ratio in EtOH. The resultant Cu(II)
complexes were stable in the air and were not affected by the
atmospheric constituents and could be stored for months at
room temperature. The FTIR spectra of the ligands and their
corresponding Cu(II) complexes were compared. The charac-
teristic IR bands assigned to sp3 n(C–H), n(C]N), aromatic
n(C]C), and aromatic n(C–H) stretch can be observed at
�3000 cm�1, �1650 cm�1, 1500 cm�1 and �800 cm�1, respec-
tively. In addition, C–O stretch can be identied at 1100 cm�1 in
ligands containing an oxygen atom. The bands assigned to
n(C]N) of the azomethine group and n(C]N)py shied to
higher wavenumber in the spectra of all complexes, indicating
the possibility of back donation and the participation of
nitrogen atoms in bonding.54,55 Elemental analysis for all
complexes was consistent with the proposed structures in
Fig. 1 List of iminomethylpyridine ligands (Ln ¼ LA–LF) employed in the

16212 | RSC Adv., 2020, 10, 16209–16220
Scheme 1. All the synthesized Cu(II) complexes were soluble in
common organic solvents.
3.2. Molecular structures of Cu(II) complexes

Single crystals of [LBCu(m-Cl)Cl]2 and [LECuCl2] were obtained
using a MeOH/Et2O system, [LCCuCl2] was obtained by a DMF/
Et2O layer, and [LFCuCl2] was obtained through the acetone/n-
pentane solvent diffusion method. The ORTEP diagrams of
the complexes; [LBCu(m-Cl)Cl]2, [LCCuCl2], [LECuCl2], and [LF-
CuCl2] are shown in Fig. 1(a–d) and the detailed bond lengths
and angles of complexes are shown in Table S2.† The X-ray
structures of [LACuCl2] and [LDCuCl2] have been published
previously.42,43 [LBCu(m-Cl)Cl]2, [LCCuCl2] and [LFCuCl2] were
crystallized in a monoclinic crystal system with P21/c, P21/n, P21/
c space groups, respectively, and [LECuCl2] crystallized in
triclinic crystal system with a P�1 space group (Fig. 2).

The Cu–Npyridine and Cu–Nimine bond lengths lie in the
ranges of 2.032(2)–2.0652(1) Å and 1.967(5)–2.0449(1) Å,
respectively, while the average Cu–Cl bond length are observed
to be 2.3290 Å. These geometric parameters are within the
acceptable range reported for Cu(II) complexes.56 The charac-
teristic N]C bond lengths of imine moiety are 1.278(3) Å
([LBCu(m-Cl)Cl]2), 1.269(7) Å ([LCCuCl2]), 1.2751(2) Å ([LECuCl2]),
and 1.2703(2) Å ([LFCuCl2]), and agreed well with the acceptable
value.57 However, the Cu(1)–O(1) lengths of 4.380 Å ([LBCu(m-Cl)
Cl]2) and 5.949 Å ([LFCuCl2]) were too long to be considered for
a coordinative bond. [LBCu(m-Cl)Cl]2 has a dimeric structure
with a chloro bridge as described previously.58

The N(2)–Cu(1)–N(1) and N(3)–Cu(1)–N(2) bond angles in
[LBCu(m-Cl)Cl]2, [LCCuCl2], [LECuCl2] and [LFCuCl2] ranged
complexation to Cu(II) centre.

This journal is © The Royal Society of Chemistry 2020
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Scheme 1 Synthesis of Cu(II) complexes supported by iminomethylpyridine ligands.
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from 78.89(2)� to 82.08(2)� and were affected by the substitution
of the ve-membered chelate ring.57 The bond angle of N(3)–
Cu(1)–N(2) in [LECuCl2] that constituted the six-membered
chelate ring were 92.36(5)�, which is similar to the published
[LECuBr2] angle of 92.24(10)�.59 The planes of both the
Fig. 2 An ORTEP drawings of [LBCu(m-Cl)Cl]2 (1-a), [LCCuCl2] (1-b), [LECu
All hydrogen atoms have been omitted for clarity.

This journal is © The Royal Society of Chemistry 2020
piperidine group and the Cu(II) coordination were nearly
vertical, and the piperidine group has a stable chair structure.

The structural parameters of the ve-coordinated complexes
can be obtained using the two largest coupling angles. This s5
value is proposed as a simple metric for evaluating
Cl2] (1-c), and [LFCuCl2] (1-d) with thermal ellipsoids at 50% probability.

RSC Adv., 2020, 10, 16209–16220 | 16213
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Table 1 Five-coordinate geometry indices for Cu(II) complexes and
representative examples from the literature

Complexes Geometry s5 Reference

Trigonal bipyramidal (D3h) Trigonal bipyramidal 1.00 58–60
[LACuCl2] Square pyramidal 0.303 42
[LBCu(m-Cl)Cl]2 Square pyramidal 0.0385 This work
[LCCuCl2] Square pyramidal 0.0480 This work
[LDCuCl2] Square pyramidal 0.0283 43
[LECuCl2] Square pyramidal 0.0653 This work
[LFCuCl2] Square pyramidal 0.0398 This work
Square pyramidal (C4v) Square pyramidal 0.00 58–60
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quantitatively the geometry of ve-coordinated complexes.60–62 A
comparison of the s5 values of Cu(II) complexes is shown in
Table 1. The coordination geometry around the metal center of
the Cu(II) complexes is depicted as a distorted square pyramid
geometry. In the case of dimeric [LBCu(m-Cl)Cl]2, the two
molecules each share one Cl atom, so the dimeric molecule has
two bridged Cl groups. Thus, it has a slightly distorted square
pyramidal geometry consisting of the two nitrogen atoms and
three Cl atoms of the ligand.

3.3. rac-LA polymerization

Biodegradable polymers that can display properties that rival
poly-olens are seen as future high-demandmaterials for a wide
range of applications. Efforts have been directed toward
decoupling polymeric materials from fossil fuel feedstocks
Table 2 Polymerization of rac-LA with dimethyl Cu(II) complexes, [LnCu

Entry Catalysta Conv.b (%) Mn
c (g mol�1) �

1 MeLi 99 14.27
2 [LACuMe2] 100 14.41
3 [LBCu(m-Me)Me]2 100 14.41
4 [LCCuMe2] 100 14.41
5 [LDCuMe2] 100 14.41
6 [LECuMe2] 100 14.41
7 [LFCuMe2] 100 14.41

a Conditions: [initiator] ¼ 0.0625 mmol; [rac-LA]/[initiator] ¼ 100; 5.00
b Monomer conversion (%) determined by 1H, NMR spectroscopy. c C
conversion%. d Determined by gel permeation chromatography (GPC)
Houwink factor of 0.58).65,66 e Probability of heterotactic enchainment (
spectra according to literature.45,46

16214 | RSC Adv., 2020, 10, 16209–16220
using biological sources63,64 to decrease the amount of plastic
waste ending up in the environment. Our research focuses on
the stereoselective ROP of rac-LA,65,66 the efficacy of iminome-
thylpyridine based Cu(II) complexes to mediate polymerization
of rac-LA and to focus on the role played by the auxiliary ligand
on inuencing catalytic efficiency, molecular weight, as well as
stereoselectivity. The dimethyl derivatives [LnCuMe2] (Ln ¼ LA–
LF), generated in situ, were assessed towards rac-LA polymeri-
zation at two different temperatures, i.e., 25 and �25 �C.
Representative polymerization results are summarized in
Tables 2 and 3. All the complexes were able to effectively initiate
polymerization at room temperature and afforded PLA with
desirable molecular weights and slightly higher PDIs; the het-
erotacticities were somewhat inferior (Pr values ranged from
0.52 to 0.68; Table 2). Completion of the reaction was conrmed
by the absence of the monomer signal in the 1H NMR spectrum.
The experimental Mn values (corrected using Mark–Hou-
wink67,68 factor 0.58) were consistent with the theoretical values,
suggesting polymerization at the single reaction site provided
by these dimethyl Cu(II) complexes. Slightly higher PDIs of PLAs
produced with [LnCuMe2] (Ln ¼ LA–LF) might be the conse-
quence of backbiting or transesterication side reactions,
which results in the formation of macrocycles with a broad
molecular weight distribution (PDIs).

It can be suggested that the ROP of rac-LA by these initiators
is mediated via a coordination insertion mechanism.69,70 In this
mechanism, the pre-coordination of the LA molecule to the
metal center is crucial for the subsequent ring-opening step.
Me2] (Ln ¼ LA–LF), generated in situ in CH2Cl2 at 25 �C

103 (calcd) Mn
d (g mol�1) � 103 (GPC) PDId Pr

e

11.44 1.50 0.47
10.92 1.60 0.59
12.01 1.68 0.52
12.77 1.52 0.53
11.49 1.66 0.59
15.50 1.53 0.59
9.40 1.81 0.68

mL of CH2Cl2 as polymerization solvent; polymerization time ¼ 2 h.
alculated from [molecular weight of rac-LA] � [rac-LA]/[initiator] �
in THF, relative to polystyrene standard (corrected using the Mark–
Pr) were calculated on the basis of homonuclear decoupled 1H NMR

This journal is © The Royal Society of Chemistry 2020
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Table 3 Polymerization of rac-lactide with in situ generated [LnCuMe2] (Ln ¼ LA–LF) from the reaction of [LnCuCl2] (Ln ¼ LA–LF) and MeLi in
CH2Cl2 at �25 �C

Entry Catalysta Conv.b (%) Mn
c (g mol�1) � 103 (calcd) Mn

d (g mol�1) � 103 (GPC) PDId Pr
e

1 MeLi 99 14.27 11.68 1.46 0.78
2 [LACuMe2] 100 14.41 33.61 1.53 0.84
3 [LBCu(m-Cl)Me]2 99 14.27 23.57 1.54 0.88
4 [LCCuMe2] 100 14.41 17.44 1.50 0.83
5 [LDCuMe2] 97 13.98 10.40 1.25 0.74
6 [LECuMe2] 100 14.41 30.01 1.54 0.86
7 [LFCuMe2] 100 14.41 24.87 1.53 0.87

a Conditions: [initiator]¼ 0.0625 mmol; [rac-LA]/[initiator]¼ 100; 5.00 mL of CH2Cl2 as polymerization solvent; polymerization time¼ 2 h; temp.¼
�25 �C. b Monomer conversion (%) determined by 1H NMR spectroscopy. c Calculated from [molecular weight of rac-LA] � [rac-LA]/[initiator] �
conversion%. d Determined by gel permeation chromatography (GPC) in THF, relative to polystyrene standard (corrected using the Mark–
Houwink factor of 0.58).65,66 e Probability of heterotactic enchainment (Pr) were calculated on the basis of homonuclear decoupled 1H NMR
spectra according to literature.45,46
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The alkyl group then acts as a nucleophile and opens the LA
ring (Scheme S1†). Blank polymerizations (entry 1 in Table 2)
were also performed in the presence of MeLi alone, where PLA
was obtained slowly with negligible stereoselectivity. These
results suggest a role of the Lewis metal center and the ligand
architecture that offers better polymerization control and steers
the stereoselectivity of the resultant polymer.

The microstructural analysis revealed dimethyl Cu(II)
complexes in the current study yielded hetero-enriched PLAs. It
is evident from the polymerization data that preference for
heterotactic enchainment is lower at room temperature (Table
2). On the other hand, the complexes [LnCuMe2] (Ln ¼ LA–LF),
were able to exhibit better heterotacticities and molecular
weight control at �25 �C. For instance, an increase in the Pr
values up to 0.88 and slight decrease in PDIs are observed at
lower temperatures (Table 3). A closer look at polymerization
data revealed no regular tendency of heterotacticity; the ster-
eoselectivity of PLA was not signicantly affected by the struc-
ture of the ancillary ligands attached to the central metal atom
during the polymerization process. These results showed that
the heterotacticity is comparable with that of previously re-
ported Cu(II) complexes, but monomer conversion is excellent at
lower temperatures. Enhanced heterotacticity was found with
these dimethyl Cu(II) initiators bearing the proper complexity of
the substituents at the nitrogens of the imine moiety. Hetero-
tactic PLA obtained with these dimethyl Cu(II) complexes
This journal is © The Royal Society of Chemistry 2020
proceed via chain end-control mechanism, as previously
demonstrated by the Darensbourg group for Zn(II) complexes
with Schiff bases.71 Currently, research is underway in our
laboratory to fully explain the role of the ROP mechanism and
catalyst system, and further research will be concentrated on
this.
3.4. MMA polymerization studies

The catalytic competencies of the synthesized Cu(II) complexes
were investigated for MMA polymerization in the presence of
modied MMAO at 60 �C. The representative polymerization
data is tabulated in Table 4. All the complexes effectively poly-
merized MMA and the resultant polymer was isolated as a white
solid and was characterized by GPC in THF using polystyrene
standards. All complexes yielded PMMA with a Tg in the range
123–128 �C.

Appropriate ligand architecture plays a pivotal role in
endowing a high degree of polymerization control. Generally,
the presence of bulky substituents around the metal center
negatively affects MMA activation, suggesting that steric bulk of
substituents or rigidity of ligand backbone hampered the
approach of the monomer to the metal center. For instance,
[LECuCl2] displayed a higher activity with a more exible
propylene backbone compared to [LACuCl2] with the ethylene
backbone, despite of having identical dimethyl amine substit-
uents (Table 4, entries 3 and 7). However, [LCCuCl2] (1.80 �
RSC Adv., 2020, 10, 16209–16220 | 16215
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Table 4 MMA polymerization by [LnCuCl2] (Ln ¼ LA–LF) complexes in the presence of MMAO

Entry Catalysta Yieldb (%)
Activityc

(g mol�1 cat.$h�1) � 104 Tg
d (�C)

Tacticity

Mw
e (g mol�1) � 105 Mw/Mn

f
%
mm % mr % rr

1 CuCl2$2H2O
g 10.8 1.68 129 7.20 23.9 67.5 2.73 1.49

2 MMAOh 6.83 1.07 120 37.2 10.9 51.9 1.75 1.37
3 [LACuCl2] 10.9 1.71 128 8.54 25.4 66.0 9.76 2.49
4 [LBCu(m-Cl)Cl]2 11.3 1.77 128 7.97 25.7 66.3 9.79 2.48
5 [LCCuCl2] 11.5 1.80 128 8.26 25.6 66.1 9.76 2.45
6 [LDCuCl2] 12.5 1.95 126 7.64 25.6 66.8 9.76 2.49
7 [LECuCl2] 12.8 1.98 126 7.78 25.0 67.2 9.96 2.45
8 [LFCuCl2] 10.7 1.67 123 8.11 25.6 66.2 9.66 2.46

a [Cu(II) catalyst]0 ¼ 15 mmol, [MMA]0/[MMAO]0/[Cu(II) catalyst]0 ¼ 3100 : 500 : 1, polymerization temp.¼ 60 �C and time¼ 2 h. b Yield is dened as
(a mass of dried polymer recovered)/(a mass of monomer used). c Activity is g of PMMA per mol Cu$h. d Tg is glass transition temperature which is
determined by a thermal analyzer. e Determined by gel permeation chromatography (GPC) eluted with THF at room temperature by ltration with
polystyrene calibration. f Mn refers to the number average molecular weights of PMMA. g It is a blank polymerization in which CuCl2$2H2O was also
activated by MMAO. h It is a blank polymerization which was done solely by MMAO.
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104 g PMMA per mol Cu h) and [LDCuCl2] (1.95 � 104 g PMMA
per mol Cu h), with relatively bulkier piperidine and morpho-
line substituents and ethylene backbone, displayed higher
activities compared to [LACuCl2] (1.77 � 104 g PMMA per mol
Cu h) in contrast to our previous reports where steric bulk
decrease activities.33 If rigidity or steric hindrance provided by
the amine substituents were the only factor that steered the
catalytic activity, then one would have expected increased
activity with [LACuCl2] bearing dimethyl substituents at the
amine moiety, as it provides a more open sphere than [LCCuCl2]
and [LDCuCl2] do, with close ring substituents, but it actually
exhibits a lower activity. Thus, it is obvious that appropriate
complexity of substituents at the amine nitrogen is crucial for
improved activities.

Further, the orientation of the amine substituents relative to
the xy plane of the pyridine ring and the metal center also
inuence the activity towards MMA polymerization. [LCCuCl2]
with the piperidine moiety and [LDCuCl2] with the morpholine
moiety that are perpendicular and slightly twisted toward the xy
plane of the N-((pyridin-2-yl)methylene)amine-Cu moiety by
64.01� and 69.23� showed slightly lower steric hindrance and
exhibited higher activities than [LACuCl2] and [LBCu(m-Cl)Cl]2
which has distortion angles of 73.83� and 77.61�. In the case of
[LFCuCl2], the distortion angle was 49.05� and it exhibited lower
activities than other copper complexes. In addition, since the Cl
atom of adjacent molecules to the planar position, which is
perpendicular and slightly twisted (84.76�, 81.86�) plane against
the metal plane, are located at a close distance of about 3.0 Å, it
could have interfered with the access of the monomer.

Among the synthesized Cu(II) complexes, the LE-bearing
Cu(II) complex exhibited the highest catalytic activity (1.98 �
104 g PMMA per mol Cu h) and resulted in PMMA with high
molecular weight (9.96 � 105 g mol�1) compared to that of the
rest of complexes under identical experimental conditions. In
addition, it is worth noting that the solubility of complexes in
polymerization media showed an impact on the polymerization
activity in previous research. Thus, the lower activity of [LBCu(m-
16216 | RSC Adv., 2020, 10, 16209–16220
Cl)Cl]2 and [LFCuCl2] can also be attributed to its lower solu-
bility in reaction media.

In comparison with our previously reported Cu(II) initiator
bearing N-methyl-N-((pyridin-2-yl)methyl)benzeneamine, the
current system was inferior in terms of activities and stereo-
selectivities but furnished PMMA with high Tg and comparable
molecular weights.72 2-Iminomethylpyridine- and 2-
iminomethylquinoline-based Zn(II) and Pd(II) complexes
accomplished syndio-enriched PMMA polymerization with
slightly higher activities, which can be attributed to better
electrophilicities of Zn(II) and Pd(II) complexes.31,33 Recently
studied N,N-di(2-picolyl)cyclohexylamine73 based Pd, Cu, Zn,
and Cd complexes for MMA polymerization exhibited lower
activities with slightly better syndiotacticities compared to our
currently studied catalysts. Similarly, N-(2-furanylmethyl)-N-(1–
3,5-dimethyl-1H-pyrazolylmethyl)-N-(phenylmethyl)amines-
Cu(II) system74 yielded syndiotactic PMMA (rr ¼ 0.78) with only
30% conversion, whereas Cu(II) complex of 2-(pyrazol-3-yl)-6-
(pyrazolate)pyridine and related ligand75 polymerized MMA
with moderate activity and syndiotacticity. Thus, the current
catalytic systems proved to be effective in polymerizing MMA
and furnished syndio-enriched PMMA with good polymeriza-
tion control.

To further explore the effect of the ligand and Lewis metal
center in the polymerization process, the MMA polymerization
was conducted with MMAO alone. A negligible amount of low-
molecular-weight PMMA was obtained with almost no stereo-
regularity. Similarly, no polymer was produced with the
dichloro copper(II) complex in the absence of MMAO. The ob-
tained PMMA was syndiotactic with all complexes regardless of
the substituents attached to the ligand architecture and coor-
dination mode, whereas the syndiotacticity was higher than
that of PMMA made only with the co-catalyst, MMAO. In this
study, the syndiotacticity and PDI were not signicantly affected
by the substituents of ligands around the metal center (Table 4).
The activities of the catalyst for MMA and rac-LA polymerization
can thus be considered to be inuenced by the steric and
This journal is © The Royal Society of Chemistry 2020
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electronic effect of ligand around the metal. The stereospecic
and electronic properties of the substituents did not follow
a regular trend for the activity and stereoselectivity.
4. Conclusions

In this work, a new series of Cu(II) complexes supported by 2-
iminomethylpyridine ligands were synthesized and character-
ized by a variety of techniques such as FTIR, elemental analysis,
and X-ray diffraction. Distorted square pyramidal geometries
were adopted by all the complexes via coordinating to ligands in
the bi- or tridentate coordination modes. On activation with
MMAO, all the complexes displayed moderate activities
compared to that of the starting material. [LECuCl2] with
a propylene linker unit between the imine and amine moieties,
exhibited the highest catalytic activity (1.95 � 104 g PMMA
per mol Cu h), yielding the high-molecular-weight PMMA. All
the complexes furnished syndiotactic PMMA regardless of the
ligand architecture. Dimethyl Cu(II) complexes [LnCuMe2] (Ln ¼
LA–LF), generated in situ, demonstrated high activities towards
rac-LA and yielded highly hetero-enriched PLA. Varying the
substituents of the imine moiety inuenced the polymerization
of rac-LA: the steric (and electronic) properties of the substitu-
ents appended to the iminopyridine greatly affected their
catalytic activity and stereoselectivity. All the resultant PLAs
displayed high molecular weights and slightly broader PDIs.
Microstructural analysis of the PLAs generated showed
enhanced heterotactic enchainment at lower temperatures
compared to that at room temperature.
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