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res, and catalytic efficiency in ring
opening polymerization of rac-lactide with
tridentate vs. bidentate cobalt(II), zinc(II), and
cadmium(II) complexes containing N-substituted
N,N-bis((3,5-dimethyl-1H-pyrazol-1-yl)methyl)
amine ligands†

Solhye Choe, a Hyosun Lee *a and Saira Nayab*b

A series of Co(II), Zn(II), and Cd(II) complexes supported by 1-(3,5-dimethyl-1H-pyrazol-1-yl)-N-((3,5-

dimethyl-1H-pyrazol-1-yl)methyl)-N-(furan-2-ylmethyl)methanamine (LA) and N,N-bis((3,5-dimethyl-1H-

pyrazol-1-yl)methyl)-4-isopropylaniline (LB) were synthesized. The direct chelation of CoCl2$6H2O,

ZnCl2, and CdBr2$4H2O by the ligands produced [LnMX2] (Ln ¼ LA or LB; M ¼ Zn or Co, with X ¼ Cl; M ¼
Cd, with X ¼ Br) complexes in high yields. Structural studies revealed that [LBCoCl2] and [LBZnCl2]

adopted distorted tetrahedral geometries, as LB coordinated the metal centers in a bidentate fashion,

while LA coordinated the metal centers in a tridentate fashion through the nitrogen atoms of the

pyrazole and amine moieties, so that [LACoCl2] and [LAZnCl2] exhibited trigonal bipyramidal geometries

and [LACdBr2] a square pyramidal geometry. [LBCdBr2] has two Cd-containing structures per unit cell,

whereby one Cd center adopted a distorted tetrahedral geometry and the other exhibited square

bipyramidal geometry. The in situ-generated alkyl derivatives of the synthesized complexes were

assessed in the ring-opening polymerization of rac-lactide. Heterotactic polylactides (PLAs) were

furnished with all complexes. The [LBZnCl2]/MeLi system produced PLA with a superior heterotactic bias

(Pr up to 0.94) at �25 �C. PLAs with wide-ranging polydispersity indices (1.16–2.23) and low molecular

weights were produced in all cases, irrespective of the specific M(II) center and ancillary ligand utilized.
1. Introduction

Biodegradable polymers have been developed as excellent substi-
tutes for conventional petroleum-based polymers.1,2 Aliphatic
polyesters like polylactide (PLA) are regarded as the most prom-
ising candidates to full the described role.3,4 PLA has garnered
particular interest owing to its biocompatibility and biodegrad-
ability, and the possibility of producing its component monomers
starting from renewable resources.5,6 Well-dened PLAs with
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controlled physical and mechanical properties have been
employed in a vast range of applications, including packaging,
medical implants, tissue engineering, and pharmacology.7–10 In the
recent past, numerous metal complexes, including complexes of
Al,11–15 Zn,16,17 Ga,18 In,19 Cu,20,21 Co,22,23 and trivalent rare earths,24

have been utilized as catalysts for the ring-opening polymerization
(ROP) of lactide (LA); notably, such catalysts afforded excellent
control over reaction initiation and propagation, as well as the
stereochemical arrangement of the polymer chains.25

The architecture of the ligand coordinating the metal center
is one of the key factors determining the catalyst's ability to
control the stereochemistry and properties of the resultant
polymer,26,27 alongside the identity of the metal center and the
temperature at which the polymerization reaction is conducted.
The prevalent ligand architectures, including diketiminate,28,29

Schiff bases,30,31 bis(phenolate),32,33 salen,34–36 iminomethylpyr-
idines,37 (benzoimidazolylmethyl)amine,38 and (pyr-
azolylmethyl)pyridine/amine,39–41 have been widely modied to
control their stereo-electronic properties, which in turn affect
the activity and stereoselectivity of ROP initiators. Thus,
choosing carefully the architecture of the ligand is a N-
© 2021 The Author(s). Published by the Royal Society of Chemistry
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substituted bis(pyrazolyl)amine have been attracting particular
interest as nitrogen donor ligands, because the pyrazole
nitrogen is a weaker d-donor than imine and pyridine nitrogens,
and it affords complexes comprising highly electrophilic M(II)
centers.42 Additionally, the fact that it is possible to modify the
linker units comprising two or three pyrazole moieties43,44

renders various bidentate, tridentate or/and polydentate coor-
dination geometries and nuclearities achievable,45 and it has
been shown to allow the overall adjustment of the steric and
electrophilic properties of the resultant metal complexes.46,47

For instance, the Yu group reported the synthesis of pyrazole-
based Zn(II) complexes that proved to be effective ROP cata-
lysts; in fact, they afforded the polymerization of 100 equiva-
lents of rac-LA within 1–3 min in the presence of [BeOH] at
25 �C; nevertheless, their use resulted in a negligible stereo-
regularity of the resultant PLA.42 Similarly, Kang studied the
ability of in situ-generated (bdmppea)ZnEt2 (bdmppea: N,N-bis
[(3,5-dimethyl-1H-pyrazol-1-yl)methyl]-1-phenylethylamine; Et:
ethyl) to catalyze the polymerization of rac-LA; the relevant
reaction afforded 91% rac-LA conversion within 2 h, and it led to
the production of moderately heterotactic PLA.48 In a recently
published study conducted by our group, we focused on devel-
oping late transition metal complexes based on N,N-bis((1H-
pyrazol-1-yl)methyl)amine derivatives with various amine
substituents, and we studied their catalytic performances in the
ROP of rac-LA.49 The catalytic capabilities of these complexes
and the stereoselectivity they afforded were promising, and the
relevant reactions yielded PLAs of moderate-to-high molecular
weight.50,51 In the present contribution, we intended to study the
catalytic properties of N-substituted N,N-bis((3,5-dimethyl-1H-
pyrazol-1-yl)methyl)amine-based Zn(II), Co(II), and Cd(II)
complexes in the ROP of rac-LA.

2. Experimental
2.1. General considerations

The syntheses of ligands 1-(3,5-dimethyl-1H-pyrazol-1-yl)-N-
((3,5-dimethyl-1H-pyrazol-1-yl)methyl)-N-(furan-2-ylmethyl)
methanamine (LA), and N,N-bis((3,5-dimethyl-1H-pyrazol-1-yl)
methyl)-4-isopropylaniline (LB) and their corresponding M(II)
(M ¼ Co, Zn, and Cd) complexes were carried out employing
benchtop techniques. The ROP reactions were conducted using
a high-vacuum Schlenk line and glove box. The starting mate-
rials, including CoCl2$6H2O, ZnCl2, CdBr2$4H2O, furfuryl-
amine, 4-isopropylanilie, magnesium sulfate (MgSO4), and
molecular sieves (0.4 nm), were purchased from Aldrich.
Anhydrous solvents, such as ethanol (EtOH), n-hexane, and
diethyl ether (Et2O), were purchased from Merck and used
without further purication. THF was dried over benzophenone
ketyl radical whereas CH2Cl2 was dried over CaH2, and these
solvents were deoxygenated by distillation under argon before
use. 3,5-Dimethyl-1H-pyrazolyl-1-methanol was prepared as re-
ported previously.52 Notably, the ligands employed in the
current study, LA53 and LB,54 and complex [LACdBr2]51 were
synthesized according to previously reported methods. It is
important to note that safety protocol should be followed using
cadmium bromide salt (CdBr2$4H2O) for synthesis of Cd-
© 2021 The Author(s). Published by the Royal Society of Chemistry
complexes as they are highly toxic and mishandling can cause
skin and respiratory irritation.

The 1H NMR (500 MHz) and 13C NMR (125 MHz) spectra of
LA and LB (Fig. S1 and S2,† respectively) and their Zn(II) and
Cd(II) complexes (Fig. S3–S9†) were recorded on a Bruker Avance
Digital NMR spectrometer. Chemical shis are reported in ppm
relative to tetramethylsilane (SiMe4) used as internal standard.
Coupling constants are reported in Hertz (Hz). Resonance peaks
are reported as m ¼ multiplet, br ¼ broad, s ¼ singlet, d ¼
doublet, t¼ triplet, and q¼ quartet. The infrared (IR) spectra of
ligands and complexes were recorded on a Bruker FT/IR-Alpha
(neat) instrument, and data were reported in wavenumbers
(cm�1) (Fig. S10–S17†). Elemental analyses of the synthesized
complexes were performed on an elemental analyzer (EA 1108;
Carlo-Erba, Milan, Italy) (Fig. S18†). The monomer conversion
to PLA was determined by integrating monomer versus polymer
methine resonances in 1H NMR spectrum of PLAs (Fig. S19–
S30†). The microstructure analysis of PLAs was performed by
inspecting the methine proton region of homodecoupled 1H NMR
spectra of the puried polymers (Fig. S31–S44†).55–58 The number
average molecular weight (Mn) and molecular weight (Mw) values
for the puried PLA samples were determined using a Waters
Alliance e2695 instrument possessing differential refractive index
detectors; this instrument was calibrated against a polystyrene
standard. TheWater Styragel columns; HR3, HR4, andHR5E, were
employed, and THFwas utilized as the eluting solvent at a ow rate
of 1.0 mL min�1 at 35 �C. The polydispersity index (PDI) and Mn

values of the polymers were reported with respect to the poly-
styrene standard (Fig. S45–S58†).
2.2. Synthetic procedures

2.2.1. 1-(3,5-Dimethyl-1H-pyrazol-1-yl)-N-((3,5-dimethyl-
1H-pyrazol-1-yl)methyl)-N-(furan-2-ylmethyl)methanamine
cobalt(II) chloride, [LACoCl2]. A solution of LA (0.627 g, 2.00
mmol) in anhydrous EtOH (10.0 mL) was added to a solution of
CoCl2$6H2O (0.476 g, 2.00 mmol) in anhydrous EtOH (10.0 mL)
and stirred at room temperature for 12 h to form a blue powder.
The solid was ltered and washed with cold EtOH (20.0 mL �
2), followed by washing with Et2O (20.0 mL � 3). The product
was dried under vacuum to yield nal product (0.835 g, 94%).
Single crystals suitable for an X-ray diffraction analysis were
grown by layering a CH2Cl2 solution of [LACoCl2] with n-hexane.
Analysis calculated for C17H23Cl2N5OCo (%): C, 46.15, H,
5.24, N, 15.84. Found: C, 46.29, H, 5.29, N, 15.80. IR (solid
neat; cm�1): n(C–H) 2920 w; n(C]C) 1549 s; n(C]C) + n(C]N)/
pz ring, 1493 s, 1463 m; nbend(C–H sp3) 1426 m; n(N–C) 1248 s;
n(C–O) 1151 (s); nbend(C–H sp2) 834 w; n(N–M) 599 w.

2.2.2. 1-(3,5-Dimethyl-1H-pyrazol-1-yl)-N-((3,5-dimethyl-
1H-pyrazol-1-yl)methyl)-N-(furan-2-ylmethyl)methanamine zin-
c(II) chloride, [LAZnCl2]. A method analogous to that used to
prepare [LACoCl2] was adopted for the synthesis of [LAZnCl2]; in
this case LA (0.627 g, 2.00 mmol) and ZnCl2 (0.273 g, 2.00 mmol)
were used to obtain white powder as a nal product (0.827 g,
92%). Single crystals suitable for an X-ray diffraction analysis
were grown by layering a CH2Cl2 solution of [LAZnCl2] with n-
hexane. 1H NMR (CDCl3, 500 MHz): d 7.45 (d, 1H, J ¼ 2.75 Hz,
RSC Adv., 2021, 11, 18840–18851 | 18841
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–O–CH]CH–CH]C–), 6.41 (dd, 1H, J ¼ 1.84 Hz, 1.83 Hz, –O–
CH]CH–CH]C–), 6.30 (d, 1H, J¼ 3.81 Hz, –O–CH]CH–CH]

C–), 6.04 (s, 2H, –N–C(CH3)]CH–C(CH3)]N–), 5.02 (s, 4H, –N–
CH2–N–), 3.72 (s, 2H, –C–CH2–N–), 2.66 (s, 6H, –N–C(CH3)]
CH–C(CH3)]N–), 2.20 (s, 6H, –N–C(CH3)]CH–C(CH3)]N–). 13C
NMR (DMSO-d6, 125 MHz): d 150.61 (s, 1C, –O–CH]CH–CH]C–
), 147.83 (s, 2C, –N–C(CH3)]CH–C(CH3)]N–), 143.95 (d, 1C, J ¼
203.4 Hz, –O–CH]CH–CH]C–), 140.94 (s, 2C, –N–C(CH3)]CH–

C(CH3)]N–), 111.46 (d, 1C, J ¼ 192.6 Hz, –O–CH]CH–CH]C–),
111.33 (d, 1C, J¼ 174.4 Hz, –O–CH]CH–CH]C–), 107.18 (d, 2C, J
¼ 174.4 Hz, –N–C(CH3)]CH–C(CH3)]N–), 64.06 (t, 2C, J ¼
301.5 Hz, –N–CH2–N–), 46.70 (t, 1C, J ¼ 278.8 Hz, –C–CH2–N–),
15.08 (q, 2C, J ¼ 381.47 Hz, –N–C(CH3)]CH–C(CH3)]N–), 12.04
(q, 2C, J ¼ 386.0 Hz, –N–C(CH3)]CH–C(CH3)]N–). Analysis
calculated for C17H23Cl2N5OZn (%): C, 45.63, H, 5.19, N, 15.66.
Found: C, 45.63, H, 5.24, N, 15.92. FTIR (solid neat; cm�1): n(C–H)
2956 w; n(C]C) 1610 s; n(C]C) + n(C]N)/pz ring, 1514 s, 1458 s;
nbend(C–H sp3) 1417 m; n(N–C) 1214 s; n(C–O) 1120 (s); nbend(C–H
sp2) 832 w; n(N–M) 571 w.

2.2.3. N,N-Bis((3,5-dimethyl-1H-pyrazol-1-yl)methyl)-4-
isopropylaniline cobalt(II) chloride, [LBCoCl2]. A method anal-
ogous to that used to prepare [LACoCl2] was adopted for the
synthesis of [LBCoCl2]; in this case LB (0.703 g, 2.00 mmol) and
CoCl2$6H2O (0.476 g, 2.00 mmol) to get blue solid as a nal
product (0.896 g, 92%). Single crystals suitable for an X-ray
diffraction analysis were grown by layering a CH2Cl2 solution
of [LBCoCl2] with n-hexane. Analysis calculated for C21H29Cl2-
N5Co (%): C, 52.49, H, 6.09, N, 14.58. Found: C, 52.61, H,
6.06, N, 14.24. FTIR (solid neat; cm�1): n(C–H) 2952 w; n(C]C)
1608 s; n(C]C) + n(C]N)/pz ring, 1512 s, 1460 s; nbend(–C–H
sp3) 1414 m; n(N–C) 1210 s; nbend(C–H sp2) 831 w; n(N–M) 570 w.

2.2.4. N,N-Bis((3,5-dimethyl-1H-pyrazol-1-yl)methyl)-4-
isopropylaniline zinc(II) chloride [LBZnCl2]. A method analo-
gous to that used to prepare [LACoCl2] was adopted for the
synthesis of [LBZnCl2]; in this case LB (0.703 g, 2.00 mmol) and
ZnCl2 (0.273 g, 2.00 mmol) were used to get white solid as a nal
product (0.815 g, 83%). Single crystals suitable for an X-ray
diffraction analysis were grown by layering a CH2Cl2 solution
of [LBZnCl2] with n-hexane. Analysis calculated for C21H29Cl2-
N5Zn (%): C, 51.95, H, 6.02, N, 14.43. Found: C, 51.72, H,
6.00, N, 14.78. 1H NMR (CDCl3, 500 MHz): d 7.22 (d, 2H, J ¼
8.24 Hz, –C6H4–), 6.82 (d, 2H, J ¼ 8.54 Hz, –C6H4–), 6.00 (s, 2H,
–N–C(CH3))]CH–C(CH3)]N–), 5.35 (s, 4H, –N–CH2–N–), 2.95–
2.90 (m, 1H, J ¼ 27.62 Hz, iso-C3H7–), 2.72 (s, 6H, –N–C(CH3))]
CH–C(CH3)]N–), 1.83 (s, 6H, –N–C(CH3))]CH–C(CH3)]N–),
1.27 (d, 6H, J¼ 6.78 Hz, iso-C3H7–).

13C NMR (CDCl3, 125 MHz):
d 151.77 (s, 2C, –N–C(CH3)]CH–C(CH3)]N–), 147.07 (s, 1C,
–C6H4–), 143.22 (s, 1C, –C6H4–), 143.18 (s, 2C, –N–C(CH3)]CH–

C(CH3)]N–), 128.28 (d, 2C, J ¼ 159.85 Hz, –C6H4–), 124.41 (d,
2C, J ¼ 163.49 Hz, –C6H4–) 108.91 (d, 2C, J ¼ 178.02 Hz, –N–
C(CH3)]CH–C(CH3)]N–), 62.92 (t, 2C, J¼ 305.18 Hz, –N–CH2–

N–), 33.88 (d, 1C, J ¼ 127.16 Hz, iso-C3H7), 25.23 (q, 2C, J ¼
377.84 Hz, iso-C3H7), 15.36 (q, 2C, J ¼ 386.92 Hz, –N–C(CH3))]
CH–C(CH3)]N–), 11.96 (q, 2C, J¼ 388.74 Hz, –N–C(CH3))]CH–

C(CH3)]N–). FTIR (solid neat; cm�1): n(C–H) 2956 w; n(C]C)
1610 s; n(C]C) + n(C]N)/pz ring, 1514 s, 1458 s; nbend(C–H sp3)
1417 m; n(N–C) 1214 s; nbend(C–H sp2) 832 w; n(N–M) 571 w.
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2.2.5. N,N-Bis((3,5-dimethyl-1H-pyrazol-1-yl)methyl)-4-
isopropylaniline cadmium(II) bromide [LBCdBr2]. A method
analogous to that used to prepare [LACoCl2] was adopted for the
synthesis of [LBCdCl2]; in this case LB (0.703 g, 2.00 mmol) and
CdBr2$4H2O (0.689 g, 2.00 mmol) to get white solid as a nal
product (1.16 g, 93%). Single crystals suitable for an X-ray
diffraction analysis were grown by layering a CH2Cl2 solution
of [LBCdBr2] with n-hexane. Analysis calculated for C21H29Br2-
N5Cd (%): C, 40.45, H, 4.69, N, 11.24. Found: C, 40.46, H,
4.66, N, 11.20. 1H NMR (CDCl3, 500 MHz): d 7.07 (d, 2H, J ¼
8.70 Hz, –C6H4–), 7.02 (d, 2H, J ¼ 8.70 Hz, –C6H4–), 5.77 (s, 2H,
–N–C(CH3)]CH–C(CH3)]N–), 5.88 (s, 4H, –N–CH2–N–), 2.79–
2.73 (m, 1H, J ¼ 27.62 Hz, iso-C3H7–), 2.13 (s, 6H, N–C(CH3)]
CH–C(CH3)]N–), 2.08 (s, 6H, –N–C(CH3)]CH–C(CH3)]N–),
1.14 (d, 6H, J¼ 6.87 Hz, iso-C3H7–).

13C NMR (CDCl3, 125 MHz):
d 147.56 (s, 2C, –N–C(CH3))]CH–C(CH3)]N–), 143.78 (s, 1C,
–C6H4–), 141.98 (s, 1C, –C6H4–), 140.60 (s, 2C, –N–C(CH3))]CH–

C(CH3)]N–), 127.55 (d, 2C, J ¼ 156.22 Hz, –C6H4–), 119.76 (d,
2C, J ¼ 157.13 Hz, –C6H4–) 160.97 (d, 2C, J ¼ 174.39 Hz, –N–
C(CH3))]CH–C(CH3)]N–), 64.12 (t, 2C, J ¼ 304.27 Hz, –N–
CH2–N–), 33.18 (d, 1C, J¼ 131.70 Hz, iso-C3H7), 25.52 (q, 2C, J¼
386.92 Hz, iso-C3H7), 15.00 (q, 2C, J ¼ 365.12 Hz, –N–C(CH3))]
CH–C(CH3)]N–), 11.97 (q, 2C, J¼ 370.57 Hz, –N–C(CH3))]CH–

C(CH3)]N–). FTIR (solid neat; cm�1): n(C–H) 2960 w; n(C]C)
1553 s; n(C]C) + n(C]N)/pz ring, 1510 s, 1464 s; nbend(C–H sp3)
1418 m; n(N–C) 1219 s; nbend(C–H sp2) 802 w; n(N–M) 586 w.
2.3. X-ray crystallographic studies

The X-ray-quality single crystal was coated with paratone-N oil, and
the relevant diffraction data were collected at different levels of
synchrotron radiation and at different temperatures: for the blue
crystal, [LACoCl2], l ¼ 0.700 Å at 100(2) K; for the colorless crystal,
[LAZnCl2], l¼ 0.700 Å at 98(2) K; for the blue crystal, [LBCoCl2], l¼
0.630 Å at 100(2) K; for the colorless crystal, [LBZnCl2], l ¼ 0.610 Å
at 100(2) K; for the colorless crystal, [LBCdBr2], l¼ 0.700 Å at 293(2)
K. These data were obtained on an ADSC Quantum-210 detector at
2D SMC with a silicon (111) double crystal monochromator (DCM)
at the Pohang Accelerator Laboratory, South Korea. The PAL BL2D-
SMDC program59 was used for data collection (detector distance
was 63 mm, omega scan; Du ¼ 3�, exposure time was 1 s per
frame), and HKL3000sm (Ver. 703r)60 was used for cell renement,
reduction, and absorption correction. Structures were solved by
direct methods and rened by full-matrix least-squares renement
using the SHELXL-2018 (ref. 61) computer program. The positions
of all non-hydrogen atoms were rened with anisotropic
displacement 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.

Crystals of [LBCdBr2] were picked up with paratone-N oil and
mounted on a Bruker SMART CCD diffractometer equipped with
a graphite-monochromated Mo Ka (l ¼ 0.71073 Å) radiation
source under a nitrogen gas cold stream (223(2) K). Data collection
and integration were performed using SMART and SAINT-Plus
soware packages.62 Semi-empirical absorption corrections based
© 2021 The Author(s). Published by the Royal Society of Chemistry
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on equivalent reections were applied by SADABS.63 The structures
were solved employing direct methods and rened using a full-
matrix least-squares method on F2 using SHELXTL.64 All non-
hydrogen atoms were rened anisotropically. Hydrogen atoms
were added to their geometrically ideal positions. A summary of
the crystallographic renement data is presented in Table S1.†
2.4. rac-Lactide polymerization

The active species for the catalysis of rac-LA polymerization were
prepared by dissolving 0.50 mmol of the synthesized Co(II), Zn(II),
and Cd(II) complexes (i.e., 0.2216 g of [LACoCl2], 0.2248 g of [LA-
ZnCl2], 0.2928 g of [LACdBr2], 0.2407 g of [LBCoCl2], 0.2439 g of
[LBZnCl2], and 0.3119 g of [LBCdBr2]) in 7.35mL of THF under inert
atmosphere. To these solutions was the added methyllithium
(MeLi, 1.00 mmol, 0.63 mL of 1.6 M solution in Et2O) dropwise to
generate in situ the active catalytic species. The resulting mixture
was then stirred for 2 h at room temperature, until a solution was
obtained; a 1.00 mL aliquot of the said THF solution of the
dimethyl Co(II), Zn(II), and Cd(II) complexes (0.0625mmol) was then
employed as initiator of the rac-LA ROP. [LnMX2] (Ln ¼ LA or LB; M
¼ Co or Zn, with X¼ Cl;M¼ Cd, with X¼ Br) itself does not exhibit
any activity for ROP of rac-LA without MeLi, thus active species for
Scheme 1 Schematic representation of the synthesis of Co(II), Zn(II) and

© 2021 The Author(s). Published by the Royal Society of Chemistry
initiation of polymerization are the combination of [LnMX2] and
MeLi to give alkyl complex “[LMR1 or 2]” (R ¼ Me, H, ]CH2 etc.).
The characterization of actual catalytic species is not conrmed yet,
and this pending issue will be emphasized in future work.

The general procedure for the polymerization reaction was as
follows: rac-LA (0.901 g, 6.25mmol) was transferred to a Schlenk
ask (100 mL) under argon atmosphere, and 5.00 mL of dried
CH2Cl2 were then added to the ask. The polymerization was
initiated by the slow addition of the catalyst solution (1.0 mL,
0.0625 mmol) via a syringe under argon atmosphere at 25 �C
and �25 �C. The reaction mixture was stirred for the specied
time, and the polymerization reactions were quenched via
addition of 1.0 mL of H2O followed by the addition of 2.0 mL of
n-hexane. The solvent was then evaporated directly to yield
a sticky polymeric material, which was subjected to monomer
conversion determination, which was monitored by integrating
monomer versus polymer methine resonances in 1H NMR
spectrum. 1H NMR (CDCl3, 500 MHz) spectrum of the obtained
polymer: d 5.03–5.07 (m, 1H), 1.57–1.62 (m, 3H). The precipi-
tates collected from the bulk mixture were again dissolved with
CH2Cl2, and sequentially precipitated into n-hexane. Solvents
were decanted, and the white solids thus isolated were rst
dried in vacuo then in a vacuum oven at 40 �C for 12 h.
Cd(II) complexes.

RSC Adv., 2021, 11, 18840–18851 | 18843



Table 1 The selected bond lengths (Å) and angles (�) of [LnMX2] (Ln ¼ LA or LB; M ¼ Zn or Co, X ¼ Cl; M ¼ Cd, X ¼ Br)

[LACoCl2] [LAZnCl2] [LACdBr2]

Bond lengths (Å)
Co(1)–N(5) 2.089(2) Zn(1)–N(1) 2.118(4) Cd(1)–N(5) 2.298(5)
Co(1)–N(1) 2.097(2) Zn(1)–N(1)#1 2.118(4) Cd(1)–N(1) 2.298(5)
Co(1)–Cl(2) 2.303(6) Zn(1)–Cl(1) 2.264(2) Cd(1)–Br(2) 2.562(8)
Co(1)–Cl(1) 2.327(8) Zn(1)–Cl(2) 2.288(1) Cd(1)–Br(1) 2.597(1)
Co(1)–N(3) 2.334(2) Zn(1)–N(3) 2.544(5) Cd(1)–N(3) 2.609(5)

Bond angles (�)
N(5)–Co(1)–N(1) 110.02(6) N(1)–Zn(1)–N(1)#1 143.4(2) N(5)–Cd(1)–N(1) 138.5(2)
N(5)–Co(1)–Cl(2) 101.10(5) N(1)–Zn(1)–Cl(1) 100.04(1) N(5)–Cd(1)–Br(2) 103.51(1)
N(1)–Co(1)–Cl(2) 103.63(5) N(1)#1–Zn(1)–Cl(1) 100.04(1) N(1)–Cd(1)–Br(2) 105.92(2)
N(5)–Co(1)–Cl(1) 129.07(5) N(1)–Zn(1)–Cl(2) 100.32(1) N(5)–Cd(1)–Br(1) 99.09(1)
N(1)–Co(1)–Cl(1) 110.52(5) N(1)#1–Zn(1)–Cl(2) 100.32(1) N(1)–Cd(1)–Br(1) 97.18(1)
Cl(2)–Co(1)–Cl(1) 97.99(2) Cl(1)–Zn(1)–Cl(2) 111.40(6) Br(2)–Cd(1)–Br(1) 110.66(3)
N(5)–Co(1)–N(3) 75.04(6) C(1)–N(1)–Zn(1) 130.6(3) N(5)–Cd(1)–N(3) 69.87(2)
N(1)–Co(1)–N(3) 76.26(6) N(2)–N(1)–Zn(1) 117.6(3) N(1)–Cd(1)–N(3) 69.50(2)
Cl(2)–Co(1)–N(3) 175.70(4) N(2)–C(6)–N(3) 107.1(4) Br(2)–Cd(1)–N(3) 147.22(1)
Cl(1)–Co(1)–N(3) 86.01(4) C(6)#1–N(3)–C(6) 113.5(5) Br(1)–Cd(1)–N(3) 102.12(1)

[LBCoCl2] [LBZnCl2] [Bi-LBCdBr2] [Tri-LBCdBr2]

Bond lengths (Å)
Co(1)–N(5) 2.034(2) Zn(1)–N(1) 2.049(1) Cd(1)–N(5) 2.275(5) Cd(2)–N(10) 2.334(5)
Co(1)–N(1) 2.040(2) Zn(1)–N(5) 2.058(1) Cd(1)–N(1) 2.273(5) Cd(2)–N(6) 2.381(5)
Co(1)–Cl(2) 2.235(6) Zn(1)–Cl(1) 2.231(5) Cd(1)–Br(1) 2.569(1) Cd(2)–Br(3) 2.544(1)
Co(1)–Cl(1) 2.241(6) Zn(1)–Cl(2) 2.232(5) Cd(1)–Br(2) 2.598(1) Cd(2)–Br(4) 2.572(1)
Co(1)–N(3) 3.864(2) Zn(1)–N(3) 3.886(1) Cd(1)–N(3) 2.953(4) Cd(2)–N(8) 2.571(5)

Bond angles (�)
N(5)–Co(1)–N(1) 110.22(6) N(1)–Zn(1)–N(5) 109.00(5) N(5)–Cd(1)–N(1) 120.80(2) N(10)–Cd(2)–N(6) 137.83(2)
N(5)–Co(1)–Cl(2) 102.67(5) N(1)–Zn(1)–Cl(1) 112.42(4) N(5)–Cd(1)–Br(1) 112.36(1) Br(3)–Cd(2)–Br(4) 127.20(4)
N(1)–Co(1)–Cl(2) 110.12(5) N(5)–Zn(1)–Cl(1) 105.04(4) N(1)–Cd(1)–Br(1) 108.16(1) N(10)–Cd(2)–Br(3) 102.05(1)
N(5)–Co(1)–Cl(2) 112.16(4) N(1)–Zn(1)–Cl(2) 103.19(4) N(5)–Cd(1)–Br(2) 99.27(1) N(6)–Cd(2)–Br(3) 99.69(1)
N(1)–Co(1)–Cl(2) 104.64(5) N(5)–Zn(1)–Cl(2) 109.02(4) N(1)–Cd(1)–Br(2) 108.05(1) N(10)–Cd(2)–Br(4) 94.09(1)
Cl(2)–Co(1)–Cl(1) 117.09(2) Cl(1)–Zn(1)–Cl(2) 118.01(2) Br(1)–Cd(1)–Br(2) 107.02(4) N(6)–Cd(2)–Br(4) 100.85(1)
C(1)–N(1)–Co(1) 126.88(1) C(1)–N(1)–Zn(1) 130.22(9) C(1)–N(1)–Cd(1) 136.1(4) N(10)–Cd(2)–N(8) 69.83(2)
N(2)–N(1)–Co(1) 126.81(1) N(2)–N(1)–Zn(1) 123.23(8) N(2)–N(1)–Cd(1) 118.9(3) N(6)–Cd(2)–N(8) 68.79(2)
N(3)–C(6)–N(2) 111.16(1) N(3)–C(6)–N(2) 113.53(1) N(2)–C(6)–N(3) 108.3(4) Br(3)–Cd(2)–N(8) 132.44(1)
N(3)–C(7)–N(4) 113.55(1) N(3)–C(7)–N(4) 111.23(1) N(3)–C(7)–N(4) 108.3(4) Br(4)–Cd(2)–N(8) 100.34(1)
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Note: Proper precautionary measures need to be taken for
handling alkyl-cadmium species, prepared for ROP reaction,
owing to their pulmonary toxicity.
3. Results and discussion
3.1. Synthesis and physical parameters

In the current investigation N,N-bis((3,5-dimethyl-1H-pyrazol-1-
yl)methyl derivatives were selected to study the effects of the
ligand substitution patterns on the polymerization behavior.
For instance, the amine moiety possessing an identical N,N-
bis((3,5-dimethyl-1H-pyrazol-1-yl)methyl framework was
modied/varied from to furanyl-methanamine (LA) and iso-
propylaniline (LB) to investigate how the steric effects and
electronic properties affect the catalytic performance and ster-
eoselectivity of the N,N-bis((3,5-dimethyl-1H-pyrazol-1-yl)
methyl-based Zn(II), Co(II), and Cd(II) complexes toward the
ROP of rac-LA. The ligands were prepared via a single-step
18844 | RSC Adv., 2021, 11, 18840–18851
condensation reaction involving furfurylamine or/and 4-iso-
propylaniline and 3,5-dimethyl-1H-pyrazolyl-1-methanol, as
outlined in Scheme S1.† The reaction of ligands LA and LB with
CoCl2$6H2O, ZnCl2, and CdBr2$4H2O in 1 : 1 molar ratio led to
the formation of the desired complexes of [LnMX2] (Ln ¼ LA or
LB; M ¼ Co or Zn, with X ¼ Cl; M ¼ Cd, with X ¼ Br) general
formula in good yield (Scheme 1).

The FTIR spectra of the synthesized complexes were char-
acterized by the presence of absorption bands corresponding to
the n(C]N) and n(C]C) stretching frequencies of the pyrazolyl
motif in the 1514–1493 cm�1 and 1464–1458 cm�1 wavenumber
ranges, respectively. These values compare favorably to the
corresponding ones reported for other complexes in the litera-
ture.65 In the spectra of the complexes, the absorption bands
due to the stretching of aromatic C]C and C–H bonds were
observed to shi to higher wavenumbers with respect to the
corresponding free ligands. Similarly, the complexes' absorp-
tion bands due to the stretching of sp3 and sp2 C–H and C]C
© 2021 The Author(s). Published by the Royal Society of Chemistry



Fig. 2 An ORTEP drawing of [LAZnCl2] with thermal ellipsoids at 50%
probability. All hydrogen atoms are omitted for clarity.
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bonds appeared at the expected wavenumbers, based on liter-
ature data.50,51,66 Additionally, the C–O bond stretching appeared
in the 1110–1230 cm�1 wavenumber range, in the case of [LBMX2]
(M ¼ Zn(II) or Co(II), with X ¼ Cl; M ¼ Cd(II), with X ¼ Br). The
absorption bands assigned to the stretching of the (C]N)pyrazole
bond shied to higher wavenumbers in the FTIR spectra of
[LnMX2] complexes with respect to the corresponding (free)
ligands, which suggests the possibility of a back-donation and the
involvement of the nitrogen atoms of pyrazolyl or/and amine
moieties in metal bonding.67 The newly conrmed bands appear-
ing in the 599–570 cm�1 wavenumber range were attributed to the
n(M–N) stretching frequencies (M ¼ Zn(II), Co(II), or Cd(II)).68

Compositional analysis data of the synthesized complexes are
consistent with the proposed formulas reported in Scheme 1 and
conrmed the purity of the isolated complexes. 1H NMR and 13C
NMR spectroscopy data on the Zn(II) and Cd(II) complexes revealed
the formation of the expected chemical species and were consis-
tent with the synthesis of mononuclear structures.

3.2. Solid state structures of Co(II), Zn(II) and Cd(II)
complexes

The solid-state structures of the synthesized Co(II), Zn(II), and
Cd(II) complexes were elucidated by single-crystal X-ray diffrac-
tion studies. The geometric parameters dening the coordina-
tion environment of the complexes are listed in Table 1; in
Fig. 1–6, on the other hand, are reported the ORTEP diagrams of
[LACoCl2], [LAZnCl2], [LACdBr2], [LBCoCl2], [LBZnCl2], and [LB-
CdBr2], respectively. The M(II) center in [LAMX2] (M¼ Co, Zn, or
Cd; X ¼ Cl or Br) was observed to be coordinated in tridentate
fashion by the nitrogen atoms of the pyrazolyl and amine
moieties of the bis(pyrazolylamine) ligand, thus forming two
ve-membered chelate rings (Fig. 1–3).51,66,69

[LACoCl2] and [LAZnCl2] exhibited distorted trigonal bipyra-
midal geometries, whereas the geometry of [LACdBr2] can be
best described as distorted square pyramidal. The M–Npyrazole

bond lengths are 2.089(2) and 2.097(2) Å for [LACoCl2], 2.118(4)
Fig. 1 An ORTEP drawing of [LACoCl2] with thermal ellipsoids at 50%
probability. All hydrogen atoms are omitted for clarity.

© 2021 The Author(s). Published by the Royal Society of Chemistry
and 2.118(4) Å for [LAZnCl2], 2.298(5) and 2.298(5) Å for [LA-
CdBr2]. The M–Namine bond distances for these complexes have
values within the expected range (2.334(2)–2.609(5) Å).50,66,70 The
X-ray diffraction data revealed that the Co–Npyrazole bonds are
slightly shorter than the Co–Namine bonds, probably because of
the basicity difference between amine and pyrazole nitrogens.
The M–Cl and M–Br bond distances had values in the 2.327(8)–
2.264(2) Å and 2.597(1)–2.562(8) Å ranges, respectively. Npyrazole–

M–Npyrazole bond angles were found to have values of 110.02(6)�

[LACoCl2], 143.4(2)� [LAZnCl2], and 138.5(2)� [LACdBr2]. The
Clterminal–M–Clterminal bond angle had values of 97.99(2)� and
111.40(6)� for [LACoCl2], and 143.4(2)� for [LAZnCl2], respec-
tively,; the Brterminal–M–Brterminal bond angle of [LACdBr2] was
observed to measure 110.66(3)�. X-ray data also revealed that the
Npyrazole–M–Npyrazole bond angles had much smaller values than
the Clterminal–M–Clterminal or Brterminal–M–Brterminal bite angles
Fig. 3 An ORTEP drawing of [LACdBr2] with thermal ellipsoids at 50%
probability. All hydrogen atoms are omitted for clarity.
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Fig. 4 An ORTEP drawing of [LBCoCl2] with thermal ellipsoids at 50%
probability. All hydrogen atoms are omitted for clarity.

Fig. 5 An ORTEP drawing of [LBZnCl2] with thermal ellipsoids at 50%
probability. All hydrogen atoms are omitted for clarity.
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(Table 1), a common attribute of [LMX2]-type complexes with
tetrahedral geometry.

Interestingly, the potentially tridentate ligand LB did not engage
in the expected tridentate coordination of the M(II) centers but
displayed a bidentate coordination mode, whereby ligation
occurred via the nitrogen atoms of pyrazolyl moieties. [LBCoCl2]
and [LBZnCl2] exhibited distorted tetrahedral geometries around
the metal centers, as a result of the metal ions being coordinated
by the N-substituted bis(pyrazolylamine) ligand in bidentate
fashion and by two halide ions (Fig. 4 and 5).68 The M–Npyrazole

bond distances in [LBCoCl2] and [LBZnCl2] have values of 2.037 and
2.054 Å, respectively; notably, these geometric parameters are in
good agreement with the accepted values.66 Similarly, the M–Cl
and M–Br bond distances of these complexes are comparable to
the bond lengths reported for structurally related Zn(II)
compounds.66 Furthermore, the Npyrazole–M–Npyrazole bond angles
had values of 110.22(6)� for [LBCoCl2] and 109.00(5)� for [LBZnCl2],
whereas the values for the Clterminal–M–Clterminal bond angles lie in
the 102.67(5)�–112.42(4)� range.

Contrarily, the ORTEP diagram of [LBCdBr2] illustrates that
this complex has two crystal structures in one unit cell. These
crystal structures are depicted in Fig. 6 and S59,† with values for
relevant selected parameters listed in Table 1.

In the crystalline phase, this complex has two crystallo-
graphically independent Cd(II) sites: one Cd is tetra-coordinated
and displays a tetrahedral structure whereas the other is penta-
coordinated and displays a square pyramidal geometry. Addi-
son et al.71 have introduced index of trigonality, s, which
provides useful information regarding the geometry of ve-
coordinate complexes; in particular, a perfect trigonal
18846 | RSC Adv., 2021, 11, 18840–18851
bipyramidal geometry is characterized by value of s5 of 1.0
whereas a value for s5 of 0.0 is indicative of a perfect square
pyramidal geometry. Where s ¼ (b � a)/60, in which a and b are
the two largest coordination angles as illustrated in s5 values
(Table S2†).71–74 In the case of the ve-coordinate Cd center in
[LBCdBr2] in the crystalline phase, t was found to have a value of
0.089; hence this Cd center was concluded to exhibit a distorted
square pyramid ve-coordinate geometry. Notably, in the
mentioned structure, the amine nitrogen occupies the apex of
the square pyramid. All the bond lengths and angles around the
Cd center in both structures are in agreement with those re-
ported previously for tetra- and/or penta-coordinated Cd(II)
complexes.69,75 Additionally, the geometry of [LACdBr2] (s5 ¼
0.145) could be described as distorted square pyramidal
whereas the geometries of [LACoCl2] (s5 ¼ 0.777) and [LAZnCl2],
(s5 ¼ 0.533) could be described as distorted trigonal bipyra-
midal (Table S2†). The angles between the X1–M–X2 (X ¼ Cl or
Br) and Npyrazole–M–Npyrazole planes in [LACoCl2], [LAZnCl2],
[LACdBr2], and [LBCdBr2] were observed to have values of
95.83(4)�, 90.00(2)�, 91.34(1)�, and 87.12(1)�, respectively.

The geometry of tetra-coordinated complexes can be
described by the value of the s4 parameter. Specically, in the
case of a perfect tetrahedron, s4 has a value of 1.00 whereas its
value is equal to 0.00 in the case of a perfect square planar
geometry.76 The values of the s4 parameters for the tetra-
coordinated complexes [LBCoCl2], [LBZnCl2], and [LBCdBr2]
are listed in Table S3.†76 Based on these values, the geometry
around the M(II) centers of the these complexes could be
concluded to be distorted tetrahedral. Additionally, the bond
angles around the Co(II), Zn(II), and Cd(II) centers were
© 2021 The Author(s). Published by the Royal Society of Chemistry
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employed to measure the degree of distortion. The calculated
angles between the X1–M–X2 (X ¼ Cl or Br) and Npyrazole–M–

Npyrazole planes of [LBCoCl2], [LBZnCl2], and [LBCdBr2] were
95.11(4)�, 94.49(3)�, and 94.69(9)�, respectively.
3.3. rac-Lactide polymerization

The catalytic capabilities of 3,5-dimethylpyrazolylamine based
Co(II), Zn(II), and Cd(II) initiators, were tested for rac-LA
Fig. 6 An ORTEP drawing of tetrahedral [Bi-LBCdBr2] (a) and square
pyramidal [Tri-LBCdBr2] (b) with thermal ellipsoids at 50% probability.
All hydrogen atoms are omitted for clarity.

© 2021 The Author(s). Published by the Royal Society of Chemistry
polymerization at two different temperatures. The catalytic
species were generated in situ by treating dichloro Co(II), Zn(II)
and dibromo Cd(II) complexes with two equiv. of MeLi in THF.
The alkyl derivatives proved signicantly active, allowing
conversion of rac-LA at 25 �C and �25 �C, inspected by the
decrease of monomer signals in 1H NMR spectrum of the
resultant PLA. Representative polymerization results are
summarized in Tables 2 and 3. The complete conversion was
observed within 2 h, where 98% conversion was achieved for LB-
containing Zn complex aer 5 min of reaction at 25 �C, as
revealed by the %-conversion vs. time plot (Fig. S60†).

The experimentally determined Mn (corrected using the
Mar–Houwink factor of 0.58)77 had values that were half of those
calculated based on the monomer/initiator molar ratio. This
observation could be explained by assuming the presence of two
growing polymer chains per metal center. Notably, the molec-
ular weights of the resultant PLAs were also inuenced by the
identity of the M(II) center. In fact, as Cd(II) was replaced by
Co(II), the Mn value of the produced PLAs appeared to decrease
(Table 2). A general trend was observed toward a linear increase
in theMn value as the polymerization time increased (Fig. S61†).
For example, the value of Mn was 6.28 � 103 g mol�1 for 1 min,
8.20 � 103 g mol�1 for 3 min, 8.81 � 103 g mol�1 for 5 min, and
9.64 � 103 g mol�1 for 10 min polymerization time (Fig. S62–
S65†). However, the conversion rate did not increase aer
5 min; in the case of the LB containing Zn-complex. The plot of
the Mn values versus the monomer/catalyst ratio indicated that
an increase in monomer/catalyst ratio was associated with
a linear increase in theMn values observed up to rac-LA/catalyst
¼ 400 (Fig. S66†). For example, with an increase in the rac-LA/
catalyst ratio from 100 to 400, increase in the Mn values from
9.27 � 103 g mol�1 to 19.26 � 103 g mol�1, respectively, is
observed. However, with an increase in the monomer/catalyst
ratio from 400 to 500 a decrease in Mn values have been
observed (Fig. S67–S71†). Additionally, the % conversion value
was not substantially affected by increases in the monomer/
catalyst ratio. The Mn of the resultant PLAs was in turn
slightly affected by the identity of the amine substituents. For
instance, the Mn values of the PLAs obtained via catalysis with
the LA-containing complexes were higher than their counter-
parts measured for the PLAs synthesized using the LB-contain-
ing complexes as catalysts, as illustrated by the polymerization
data collected (Table 3; entries 2, 4, and 6). This trend contra-
dicted those reported recently for catalysts consisting of Zn(II)
and Cu(II) complexes bearing (pyrazol-1-ylmethyl)pyridine
ligands, whereby increases in the steric bulk of the amine
substituents attached to the ligand framework were associated
with increases in the molecular weight of the polymers
produced.39 However, in the cases of the hereby studied initia-
tors, the observed Mn values were lower compared to the
calculated ones (Tables 2 and 3), probably because of the low
initiation efficiencies of these complexes which resulted in
a broader range of PDIs (1.36–2.23).78 However, the PDIs values
notably decrease (1.16–1.52) as the polymerization temperature
decreases from 25 �C to �25 �C (Table 3).

Generally, the steric hindrance around the M(II) center
caused by increases in the bulk of ligand substituents/groups
RSC Adv., 2021, 11, 18840–18851 | 18847



Table 2 Polymerization of rac-LA with catalytic species generated in situ from the reaction of [LnMX2] (Ln ¼ LA and LB, M ¼ Co, Zn, X ¼ Cl; M ¼
Cd, X ¼ Br) 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) Mw
d (g mol�1) � 103 (GPC) PDId Pr

e

1 MeLi 99 14.27 11.44 17.21 1.50 0.47
2 [LACoCl2]/MeLi 98 14.12 8.57 15.57 1.82 0.53
3 [LBCoCl2]/MeLi 98 14.12 11.34 15.43 1.36 0.82
4 [LAZnCl2]/MeLi 98 14.12 8.18 18.28 2.23 0.53
5 [LBZnCl2]/MeLi 97 13.98 8.02 12.16 2.02 0.68
6 [LACdBr2]/MeLi 98 14.12 8.04 12.72 2.11 0.51
7 [LBCdBr2]/MeLi 98 14.12 5.39 10.19 1.89 0.60

a Conditions: [initiator] ¼ 0.0625 mmol, [rac-LA]/[initiator] ¼ 100; 5.0 mL of CH2Cl2 as polymerization solvent; polymerization time ¼ 2 h.
b Monomer conversion (%) determined by 1H NMR spectroscopy. c Calculated from ([molecular weight of rac-LA] � [mol concentration of used
[rac-LA]/[mol concentration of initiator]) � (conversion%). d Determined by gel permeation chromatography (GPC) in THF, relative to
polystyrene standard (corrected using the Mark�Houwink factor of 0.58).77 e Probability of heterotactic enchainment (Pr) were calculated on the
basis of homonuclear decoupled 1H NMR spectra according to literature.55–58
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reduce the catalytic activity of the complex.79–81 In fact, changing
the amine moiety from furanyl-methanamine to isopropylani-
line did not signicantly affect the catalytic activity of the hereby
investigated complexes. This fact is further augmented by the
calculation of buried volumes using SambVca program.82 The
total steric hindrance provided by ligand with respect to the
metal center can be quantitatively calculated by comparing the
topographic steric maps of the various M(II) complexes (M ¼
Co, Zn, and Cd). Ball and stick models, space-lling models,
and topographic steric maps of these complexes are presented
in Fig. S72.† Evidence indicates that, for a particular metal
center, ve-coordinated complexes are characterized by larger
buried volumes than four-coordinated complexes, although
these differences did not translate into signicant differences in
catalytic activity.

A monomer-activated mechanism can be predicted to take
place in the case of the ROP of rac-LA initiated by the types of
dimethyl-containing M(II) species investigated in the present
study.83 In this mechanistic approach, the monomer would be
electronically activated as a result of its coordination to the
electrophilic M(II) center. Simultaneously, one of the metal-
bound methyl groups nucleophilically attacks the carbonyl
carbon of the monomer to initiate the ROP of the lactide by
breaking the bond between the endocyclic oxygen and the
Table 3 Polymerization of rac-LA with catalytic species generated in situ
Cd, X ¼ Br) and MeLi in CH2Cl2 at �25 �C

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

1 MeLi 99 14.27
2 [LACoCl2]/MeLi 97 13.98
3 [LBCoCl2]/MeLi 97 13.98
4 [LAZnCl2]/MeLi 97 13.98
5 [LBZnCl2]/MeLi 97 13.98
6 [LACdBr2]/MeLi 97 13.98 1
7 [LBCdBr2]/MeLi 98 14.12

a Conditions: [initiator] ¼ 0.0625 mmol, [rac-LA]/[initiator] ¼ 100; 5.0
b Monomer conversion (%) determined by 1H NMR spectroscopy. c Calcu
rac-LA]/[mol concentration of initiator]) � (conversion%). d Determined b
standard (corrected using the Mark�Houwink factor of 0.58).77 e Probab
homonuclear decoupled 1H NMR spectra according to literature.55–58
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carbonyl group. This step contrasts with the classical coordi-
nation insertion mechanism,84 whereby the opening of the ring
occurs via the nucleophilic reactivity of a d-bonded alkyl/
alkoxide group that is bound to the M(II) center. Furthermore,
the propagation proceeded by the attack, which contributed to
the growth of the polymer chain at the M end, aer which the
addition of the LA molecule produced the heterotactic PLA. The
ROP-initiating solution was predicted to comprise some
unreacted MeLi along with the in situ-generated dimethyl M(II)
(M ¼ Co, Zn, and Cd) species. Notably, the polymerization
reaction conducted in the presence of MeLi only (Table 2; entry 1)
furnished PLA with good conversion (99% in 2 h) but with negli-
gible stereoselectivity (Pr ¼ 0.47 at 25 �C). Additionally, the activity
using MeLi alone is low as illustrated in Fig. S73;† a negligible
amount of PLA has been obtained aer 5 min of reaction time
comparted to [LBZnCl2]/MeLi system which give 98% conversion
within 5min of reaction time (Fig. S60†). These results highlighted
the benets afforded by the Lewis acidic M(II) center and the
bis(pyrazolyl-amine) framework; indeed, use of the resulting
complex as catalyst delivered good polymerization control and
directed the heterotacticity of the resultant PLA. Moreover, con-
ducting the ROP reaction using [LnMX2] (Ln ¼ LA or LB; M¼ Co or
Zn, with X ¼ Cl; M ¼ Cd, with X ¼ Br) in the absence of MeLi
resulted in negligible amounts of PLA.31,85
from the reaction of [LnMX2] (Ln ¼ LA and LB, M ¼ Co, Zn, X ¼ Cl; M ¼

n
d (g mol�1) � 103 (GPC) Mw

d (g mol�1) � 103 (GPC) PDId Pr
e

9.945 16.49 1.66 0.78
7.77 11.80 1.52 0.69
6.42 8.64 1.35 0.82
6.57 8.20 1.25 0.85
6.52 7.56 1.16 0.94
0.12 14.03 1.39 0.80
4.71 7.06 1.50 0.69

mL of CH2Cl2 as polymerization solvent; polymerization time ¼ 2 h.
lated from ([molecular weight of rac-LA] � [mol concentration of used
y gel permeation chromatography (GPC) in THF, relative to polystyrene
ility of heterotactic enchainment (Pr) were calculated on the basis of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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The stability of the studied systems was determined imple-
menting a sequential ve-stage rac-LA polymerization reaction
using [LBZnCl2]/MeLi system at 25 �C (Table S4; Fig. S60†). In
the rst cycle, 98% conversion was achieved within 5 min, in
conditions whereby [rac-LA]/[initiator] ¼ 100. Subsequently,
another 100 equivalents of monomer were added to the reaction
mixture ([rac-LA]/[initiator] ¼ 200), and a conversion value of 93%
wasmeasured without the addition of initiator. A slight drop in the
activity signies the stability of the said initiator. Aerwards,
sequential additions of 100 equivalents of the monomer were
performed at interval of 5min, and at [rac-LA]/[initiator]¼ 500, the
conversion was observed to have a value of 67%.

The PLAs produced using [LnMCl2]/MeLi (Ln ¼ LA or LB, M ¼
Co or Zn, with X ¼ Cl; M ¼ Cd, with X ¼ Br) as catalysts are
predominantly heterotactic. Polymerization results indicated
that the preference for heterotactic bias was relatively low when
the reaction temperature was 25 �C (Pr ¼ 0.51–0.82 at 25 �C,
Table 2), which is consistent with our previously published
ndings.86,87 However, a drop in reaction temperature from 25
to �25 �C resulted in increased heteroselectivity (Pr ¼ 0.68–
0.94). Polymerization data further revealed that the LB-con-
taining complexes bearing the isopropylaniline moiety (i.e.,
[LBMCl2]/MeLi) afforded superior heteroselectivities at 25 �C to
their LA-containing counterparts (Table 2). Thus, enhancing the
bulk of the amine moiety was observed to result in an increase
of the heterotacticity of the PLAs produced using the studied
complexes as catalysts. However, when polymerization was
conducted at �25 �C, the opposite trend became apparent
(Table 3). The proper orientation of the substituents in the
ancillary ligand could thus provide the electronic environment
for the effective accommodation of any possible steric clash
between the ligand and the propagating PLA chain and the
alternative attachment of the incoming monomer molecule.
These results indicate that the polymerization of rac-LA mono-
mers catalyzed by the hereby developed catalytic system pro-
ceeded by the chain endmechanism. These ndings are in good
agreement with the results of our previously published
studies.50,86,87

The catalytic activity of the Zn(II) system in the context of rac-
LA polymerization are comparable with those reported by our
group for dimethyl Zn(II) complexes, but use of the hereby
developed system yielded PLAs with higher heterotacticity than we
reported at 25 �C.87 In comparison with the previously reported
Zn(II) system bearing N,N0,N-bis((1H-pyrazol-1-yl)methyl)amines
derivatives as ligands (Pr ¼ 0.95 at �50 �C with 90% conversion),
the current system exhibited higher activity and comparable het-
eroselectivity (97% conversion with Pr ¼ 0.94 at �25 �C).49 More-
over, in comparison with the complexes of the tetradentate
N,N,N,N-bis(pyrazolyl)methane ligand with Zn(II) and Fe(II) (Pr ¼
0.79) used as catalysts,88 our system exhibited superior activity and
stereoselectivity (Pr ¼ 0.94). Co(II)-based catalysts previously
studied by our group, comprising N,N-bis((3,5-dimethyl-1H-
pyrazol-1-yl)methyl)-3,5-dimethylaniline and N,N-bis((3,5-
dimethyl-1H-pyrazol-1-yl)methyl)-4-methoxyaniline as ligands,
afforded PLAs of lower molecular weight and heterotacticity (Pr ¼
0.81–0.85 at �50 �C) but narrower PDI value range (1.13–1.21).50

Recently, Sutar et al. described the ROP of L-lactide catalyzed by the
© 2021 The Author(s). Published by the Royal Society of Chemistry
Co(II)–salen complex, which afforded 79% conversion at 30 �C aer
24 h with a narrow range of MWD values (1.12).89 In comparison
with the hereby developed Co(II)-based catalytic system, the
recently reported co-tripodal complexes/iPrOH catalytic system
proved to be effective, affording 81% conversion within 2 min to
produce isotactic PLA (Pm ¼ 0.73).90 Chakraborty's group demon-
strated that CoCl2$6H2O could effectively catalyze the polymeri-
zation of rac-LA, affording 96% conversion within 1 h under
melting conditions (145 �C), albeit with negligible stereocontrol.91

Mandal et al. recently reported that Cd(OAc)2 was an effective
catalyst in the presence of benzyl alcohol at 140 �C; in fact, use of
this catalyst afforded 98% conversion within 18 min (monomer-
: [Cd] : BnOH ratio ¼ 100 : 1 : 2).92 Similarly, the Cd(II) complexes
from this recent investigation achieved the complete conversion of
the monomer to PLA with stereoselectivities that were equivalent
to those achieved using Cd(II) complexes with the N,N0,X-tridentate
iminomethylpyridine ligand framework.93 Further research work
should focus on the design and optimization of procedures that
afford the production of PLAs with improved polymerization
control and enhanced stereoregularity.

4. Conclusions

We demonstrated the synthesis of Co(II), Zn(II), and Cd(II)
complexes supported with N,N-bis((3,5-dimethyl-1H-pyrazol-1-
yl)methyl)amines derivatives and determined their crystal
structures by X-ray diffraction. Diverse coordination geometries
were afforded through the bi- and/or tri-dentate coordination of
the ligands to the M(II) centers via the nitrogen atoms of the
ligands' pyrazole and amine moieties. [LnMX2]/MeLi (Ln ¼ LA or
LB, M ¼ Co or Zn, with X ¼ Cl; M ¼ Cd, with X ¼ Br) system
effectively catalyzed the ROP of rac-LA to yield low-molecular-
weight PLAs with a broader range of PDI values (1.36–2.11).
The catalytic performance of the initiators was observed to
depend to a minor extent on the ligand substitution pattern.
Based on the polymerization results, the introduction of
substituents that increased steric hindrance around the M(II)
center increased the amount of heterotactic enchainment along
the growing polymer chain.
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