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Structural and Kinetics Studies of N^O-, O^N^O-, and
N^N- Schiff Base Mn Complexes as Highly Active Catalysts
in the Ring-Opening Polymerization of rac-Lactides
Mnqobi Zikode, Asanda Ngwenya, Tabea Becker, Sonja Herres-Pawlis,
and Stephen. O. Ojwach*

A series of manganese complexes derived from (imino)phenol/
pyridine proligands have been synthesized, structurally character-
ized and used as catalysts in the ring-opening polymerization
(ROP) of rac-lactides (rac-LA). Reactions of MnCl2·4H2O salt with
2-[((2-hydroxyethyl)imino)methyl]phenol (L1H2) afford a tetranu-
clear Mn(III) complex [Mn(L1)Cl]4 (Mn1). Separately, treatment of
MnCl2·4H2O with 2-[((2-methoxyethyl)imino)methyl]phenol (L2H)
gave the mononuclear Mn(II) complex [Mn(L2)2(CH3OH)2] (Mn2).
Further, reactions of (imino)pyridine proligands ((E)-2-((pyridine-2-
ylmethylene)amino)ethan-1-ol (L3H) and (E)-N-(2-methoxyethyl)-
1-(pyrid-2-yl)methanimine (L4)) with MnCl2·4H2O afforded
polynuclear Mn(II) complexes [Mn(L3H)Cl2]3 (Mn3) and [Mn(L4)
Cl2]3 (Mn4), respectively. The molecular structure of Mn1
established the tridentate binding mode of the dianionic

alkoxy-(imino)phenol proligand ((L12�)) through the phenoxo
and pendant-arm alkoxy-oxygen and the imine-nitrogen atoms.
In contrast, the molecular structure of Mn2 showed that the
ether-(imino)phenol pro-ligand (L2H) is monoanionic (L2�) and
bidentately coordinated to the Mn(II) metal center through the
phenoxo-oxygen and the imine-nitrogen atoms. The dinuclear
complex Mn3 contains a neutral N^N bidentately bound proli-
gand (L3H). All the complexes (Mn1–Mn4) formed active catalysts
in ROP of rac-LA with the propagation rate constant kp of up to
(4.25� 0.15)� 10�2 L mol�1 s�1. The polymers obtained were
atactic biased (Pr= 0.55–0.59), produced with moderate control
over average-number molecular weights and were moderately
dispersed (Ð up to 1.8) under melt conditions.

1. Introduction

Approximately 70% of all conventional fossil-based plastics
produced end up in landfills and consequently contribute to envi-
ronmental pollution.[1,2] Recently, the global pandemic (COVID-19)
clearly demonstrated how heavily the modern world depends on
plastics in order to maintain modern societal life challenges.[3] For
example, the plastic packaging material, syringes, and face masks
used during the pandemic were made from plastics. Thus, a
greater need to develop biobased plastics produced from naturally
renewable resources has become even more indispensable.[4]

Owing to their potential sustainability, environmental friendliness,
and biological applicability, polylactides (PLAs) are considered
commercially promising bioplastics and a green substitute to
the fossil-based polymers.[5–8] Thus, PLA have found applications
in various fields including agriculture,[9] biomedical,[10–20] electron-
ics,[21] textile,[9,22,23] pharmaceutical, and packaging industries.[24–28]

While PLA is biodegradable and biocompatible,[29–38] its full
potential has not been realized due to the use of toxic stannous
octate (Sn(oct)2) catalyst in its industrial production.[39] This has
led to the resurgence of the design of alternative catalysts
derived from benign metals, such as Fe(II),[40–42]] Zn(II),[43–53]

and Mg.[54–60] Another promising metal which can be used to syn-
thesise the ROP catalysts is manganese owing to its naturally
abundance, nontoxic, and bioassimilibity.[61] Indeed, Kricheldorf
et al. reported a series of manganese salts (MnCl2, MnBr2, and
Mn(OAc)2) as Lewis acid catalysts in the ROP of L-LA, though
low activities were observed.[62,63] In a separate study, a new fam-
ily of Salen–Manganese (III) complexes were investigated by Yang
et al. as catalysts for the ROP of lactide in propylene oxide.[64]

Most recently, Hu and coworker reported bimetallic manganese
complexes as catalysts for ROP of enantiopure L-LA with moder-
ate catalytic and better control of the polymerization reactions
activities.[65]

Inspired by the promising nature of the use of manganese-
based catalysts in these ROP reactions, were opted to explore
the ROP of rac-lactides (rac-LA) using manganese complexes
derived from Schiff-base (imino)pyridine/phenol proligands.
The choice of these ligands was motivated by their ease of

M. Zikode, A. Ngwenya, S. O. Ojwach
School of Chemistry and Physics
University of KwaZulu-Natal
Pietermaritzburg Campus, Private Bag X01, Pietermaritzburg 3209, South
Africa
E-mail: ojwach@ukzn.ac.za

T. Becker, S. Herres-Pawlis
Institute of Inorganic Chemistry
RWTH Aachen University
Landoltweg 1, 52074 Aachen, Germany

Supporting information for this article is available on the WWW under https://
doi.org/10.1002/ejic.202500126

© 2025 The Authors. European Journal of Inorganic Chemistry published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution-NonCommercial-NoDerivs License, which
permits use and distribution in any medium, provided the original work is
properly cited, the use is non-commercial and no modifications or
adaptations are made.

Eur. J. Inorg. Chem. 2025, 28, e202500126 (1 of 9) © 2025 The Authors. European Journal of Inorganic Chemistry published by Wiley-VCH GmbH

Research Article
doi.org/10.1002/ejic.202500126

http://www.eurjic.org
https://orcid.org/0000-0002-6504-8262
https://orcid.org/0009-0008-5487-6020
https://orcid.org/0000-0002-4354-4353
https://orcid.org/0000-0001-5309-4926
mailto:ojwach@ukzn.ac.za
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://doi.org/10.1002/ejic.202500126
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fejic.202500126&domain=pdf&date_stamp=2025-06-16


synthesis, modification, and formation of highly stable metal
complexes. Thus, we, herein, report the synthesis, structural elu-
cidation, and applications of a new series of manganese catalysts
supported by the (imino)pyridine/phenol proligands in the ROP
of rac-LA. Detailed kinetics studies of the ROP reactions and poly-
mer properties have been studied and will be discussed.

2. Results and Discussion

The (imino)phenol proligands (2[((2-hydroxyethyl)imino)methyl]
phenol (L1H2) and 2-[((2-methoxyethyl)imino)methyl]phenol
(L2H)) were prepared following our recently reported protocols.[66]

In contrast, the (imino)pyridine proligands ((E)-2-((pyridine-2-
ylmethylene) amino) ethan-1-ol (L3H) and (E)-N-(2-methoxyethyl)-
1-(pyridine-2-yl) methanimine (L4)) were prepared by the
condensation of 2-pyridine carboxyaldehyde with the corre-
sponding amine derivative (Scheme S1, Supporting Information).
Treatment of (imino)phenol proligand (L1H2) with MnCl2·4H2O
afforded the tetranuclear Mn(III) complex [Mn(L1)Cl]4 (Mn1) as
shown in Scheme 1. The dianionic ligand (L12�) adopts a triden-
tate coordination mode to the Mn(II) central atom via the phe-
noxy, alkoxy oxygen, and nitrogen atoms as shown in Scheme 1
and Figure 1. The oxidation of Mn(II)–Mn(III) species have been
reported in literature,[67–72] but in this case, may be attributed to
the high acidity of both the phenoxy and alkoxy protons, leading
to facile deprotonations. On the contrary, the reactions of
MnCl2·4H2O with the ligand (L2H) afforded the respective
mononuclear complex [Mn(L2)2(CH3OH)2] (Mn2) (Scheme 1).
Separately, the reactions of (imino)pyridine proligands (L3H
or L4) with equimolar amounts of MnCl2·4H2O salt, afforded
the polynuclear Mn(II) complexes [Mn(L3H)Cl2]3 (Mn3) and

[Mn(L4)Cl2]3 (Mn4), respectively (Scheme 1). The complexes were
obtained in low yields (32%–37%) and were soluble in most
organic solvents, such as acetone, MeOH, EtOH, THF, acetonitrile,
DMF, and DMSO.

The formation and identities of the ligands were established
using nuclear magnetic resonance (NMR) and Fourier trasnform -
infra red (FT-IR) spectroscopies (Figure S1–S12, Supporting
Information). However, due to the paramagnetic nature of the
manganese complexes, NMR spectroscopic characterization
was not useful, hence, we employed FT-IR spectroscopy (Table S1
and Figure S13–S16, Supporting Information). In general,the FT-IR
spectra of complexes Mn1–Mn4 showed the imine ν(C═N)
stretching frequencies at lower wavenumbers relative to the free
ligands (Table S1, Supporting Information). For example, the
ν(C═N) stretching frequency of complex Mn3 and its ligand
L3H were recorded at 1595 from 1649 cm�1, respectively
(Figure S15, Supporting Information), in good agreement with
previous findings.[73–75] The O─H functionality was instrumental
in the deduction of the nature of the coordination complexes
formed. Notably, the signal corresponding to the ν(O─H)
frequency at 3368 cm�1 in L1H2 (Figure S9, Supporting
Information), was not observed in the corresponding complex
Mn1 (Figure S13, Supporting Information), consistent with the
O─H deprotonation of the ligand prior to coordination as shown
in Scheme 1. The signal observed at around 3441 cm�1 in com-
plexMn2 (Figure S14, Supporting Information) could be assigned
to the O─H group in the coordinated methanol solvent
(Scheme 1). In contrast, complex Mn3 recorded the ν(O─H) band
at 3432 cm�1 relative to 3268 cm�1 in the free ligand L3H (Figure
S11 and S15, Supporting Information), further supporting the
absence of O─H deprotonation of L3H as shown in Scheme 1.
Electron spray ionization mass spectrometry (ESI-MS) was also

Scheme 1. Synthesis of Mn(II) and Mn(III) complexes (Mn1–Mn4) bearing (imino)phenol/pyridine proligands.
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used to determine the molecular compositions of complexes
Mn1–Mn4 (Figure S17–S20, Supporting Information). For instance,
complexesMn1 andMn2 exhibited base peaks atm/z= 296 (Mn1)
andm/z= 411 (Mn2) corresponding to the [M� (MnL1)3Cl2),þ Li]þ

and [M � (CH3OH)2]þ fragments, respectively (Table S1, Figure S17
and S18, Supporting Information). On the contrary, the ESI-MS
spectra of complexes Mn3 and Mn4 were identified with the base
respective peaks (m/z= 479 [Mn3] and m/z= 254 [Mn4]) corre-
sponding to the [M-(MnL4H)Cl4]þ and [M- (MnL5)2Cl5]þ fragments,
respectively (Table S1, Figure S19 and S20, Supporting Information).

2.1. Molecular Structures of Compounds Mn1, Mn2 and Mn3

Molecular structures of compounds Mn1, Mn2, and Mn3 were
further elucidated using single crystal X-ray crystallography ana-
lyzes. Single crystals suitable for X-ray crystallography analyzes for
compound Mn1 were grown by layering methanol solution with
acetone while slow evaporation of methanol/acetonitrile mother
liquor afforded single crystals for compounds Mn2 and Mn3.
Crystal data collection and structural refinement parameters
are presented in (Table S2, Supporting Information). The respec-
tive solid state structures and selected bond lengths and angles
are given in Figure 1 and Table S3, Supporting Information,
respectively. Both the tetranuclear complex Mn1 and the cocrys-
tal complex Mn2 crystallized in the P-1 triclinic space groups.
Boskovic and coworkers reported a similar structure to com-
pound Mn1, though the data was collected at a higher tempera-
ture of 153 K, compared to the current data set, which were
collected at 100 K.[71,72] Even though both compounds crystallize
in the same space group, the current compound Mn1 has an
increased volume and a unit cell (V= 2385.3(6) Å3, z= 4) com-
pared to the previously reported of V= 1984.8(4) Å3, z= 2, and
is consistent with the presence of acetone solvent in the current
complex Mn1. In compound Mn1, each Mn(III) metal center is
hexa-coordinated, with one dianionic ligand (L12�) tridentately
coordinated to the Mn(III) metal center through the phenoxo-
oxygen, the imine-nitrogen, and the pendant-arm oxygen atoms.
Two chlorido ligands and the pendant-arm oxygen atom of the

second ligand bridges the two Mn(III) centers. In contrast, com-
pound Mn2 contains two cocrystals, which are both mononu-
clear, hexa-coordinated with two ligands bidentately coordinated
to each Mn(II) metal center through the phenoxo-oxygen and
imine-nitrogen atoms. Interestingly, while the ligands on the first
cocrystal are neutral, balanced by two chloride ligands, the second
cocrystal contains mono-anionic (L3H�) ligands, with two metha-
nol ligands completing the octahedral arrangement. In compound
Mn3, each Mn(II) metal center exhibits hexa-coordination, where
the coordination sphere consists of a bidentately coordinated
N^N ligand (L3H) and four bridging chlorido ligands.

While the bond angles of 170.13(14)° for Cl─Mn1─Cl, and
177.01(3)° for O─Mn1─O for complexes Mn1 and Mn3, respec-
tively, depict distorted octahedral geometries, complex Mn2
has a bond angle of 180.0° for O─Mn1─N, consistent with a near
perfect octahedral geometry. This is supported by the average
N─O distance of 2.783 Å and bite angle of 90.77(10)° observed
in compound Mn2, and the average Npy─Nim distance of
2.709 Å and chelate bite angle of 73.83(10)° observed in com-
pound Mn3. The distortions in compounds Mn1 and Mn3 could
be a consequence of a ligand rigidity and the presence of bridg-
ing ligands.[73,74] The average Mn─Nimine and Mn─Ophenoxo bond
lengths of 1.980� 0.008 and 1.862� 0.004 Å, respectively,
for compound Mn1 are comparable to the average bond
lengths in compound Mn2 (Mn─Nimine= 2.040� 0.007 and
Mn─Ophenoxo= 1.857� 0.004 Å). However, the average Mn─Nimine

bond length of 2.250� 0.065 Å for compound Mn3 is slightly lon-
ger compared to the average bond lengths inMn1 (1.980� 0.008)
and Mn2 (2.040� 0.007 Å). The shorter Mn─Nimine average bond
lengths in compound Mn2 could be ascribed to the presence
of a low spin Mn(II) center.[76] In addition, the average Mn─Cl bond
lengths of 2.604� 0.169 and 2.624�0.035 Å for Mn1 and Mn3,
respectively, are comparable.

In comparison to previously reported complexes, the
Mn─Npyridine and Mn─Nimine average bond lengths of
2.261� 0.018 and 2.250� 0.065 Å for compound Mn3 are
longer than the average bond length of 2.243� 0.120 and
2.185� 0.083 Å reported in 12 and 10 similar structures,

Figure 1. Molecular structures of Mn(II) and Mn(III) complexes Mn1, Mn2, and Mn3 drawn with thermal ellipsoids drawn at 50% probability level, hydro-
gens are omitted for clarity.

Eur. J. Inorg. Chem. 2025, 28, e202500126 (3 of 9) © 2025 The Authors. European Journal of Inorganic Chemistry published by Wiley-VCH GmbH

Research Article
doi.org/10.1002/ejic.202500126

 10990682c, 2025, 19, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/ejic.202500126 by U
niversitatsbibliothek R

W
T

H
 A

achen U
niversity, W

iley O
nline L

ibrary on [04/02/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://doi.org/10.1002/ejic.202500126


respectively.[77] In contrast, Mn─Nimine average bond length of
1.980� 0.008 and 2.040� 0.007 Å for Mn1 and Mn2 are
comparable to the average bond lengths of 1.979� 0.013 and
2.038�0.044 Å reported in 7 and 17 similar structures, respec-
tively.[78] It is also interesting to note that the Mn─Ophenoxo

average bond lengths of 1.862� 0.004 and 1.857� 0.004 Å
for Mn1 and Mn2 are shorter than the average bond lengths
of 1.883� 0.024 and 2.040� 0.035 Å reported in 10 and 47
structures, respectively.[78] While the average bond length
for Mn─Cl of 2.624� 0.035 Å in compound Mn3 is slightly
longer than the average bond length of 2.564� 0.061 Å,
reported in 5 similar structures, the average bond length for
Mn─Cl of 2.604� 0.169 Å in Mn1 is slightly shorter than the
average bond length of 2.639� 0.067 Å reported for 10 similar
structures.[78]

2.2. Ring-Opening Polymerization (ROP) of rac-Lactide
(rac-LA)

2.2.1. Kinetics of ROP Reactions of rac-LA Catalysed by
Complexes Mn1–Mn4

The ability of the manganese complexes (Mn1–Mn4) to catalyze
the ROP of rac-LA was studied under melt conditions (solvent-
free) at 150 °C, monomer to metal ratio ([rac-LA]:[Mn]) of 100:1
using Schlenk tube techniques (Scheme 2). From the data col-
lected in Table 1, all complexes showed moderate catalytic activi-
ties under these conditions. In general, the catalytic activities of
the complexes was found to depend on both the ligand motif
and the coordination chemistry. For example, while complexes
Mn1 andMn2 derived from N^O-donor (imino)phenol proligands

(L1H2 and L2H) afforded monomer conversions of up 92% within
2 h (Table 1, entries 1–2), the N^N-donor (imino)pyridine-based
counterparts Mn3–Mn4 reached monomer conversions up to
80% in 8 h (Table 1, entries 3–4).

To fully decipher the catalytic activities of complexes Mn1–
Mn4, kinetic studies were performed by plotting ln([rac-LA]0/
[rac-LA]t) vs time (Figure 2). Good linear fits were observed
for all the complexes suggesting pseudo-first order kinetics with
respect to the monomer. The apparent rate constants (kapp) were
obtained from the slopes of linear curve in Figure 2 and given in
Table 1. From the kinetics data, the tetranuclear complex Mn1
exhibited the highest catalytic activity with kapp of 3.11� 10�3 s�1

and turnover frequency (TOF) of 276 h�1 (Table 1, entry 1)
compared to the other complexes; (kapp= 1.40� 10�4 s�1,
TOF= 12.8 h�1 (Mn2), kapp= 5.75� 10�5 s�1, TOF= 10 h�1 (Mn3),
and kapp= 4.39� 10�5 s�1, TOF= 7.9 h�1 (Mn4), and Table 1,
entries 2–4, respectively). The higher catalytic activity of the
Mn(III) Mn1 complex is reasonable since Mn(III) complexes are
generally known to be more active due to the greater electropos-
itive metal Mn(III) atom.[79,80] In contrast, the d5 electron configu-
ration in Mn(II) center (complexes Mn2–Mn4) is more stable,
resulting in less reactivity.[81] Furthermore, it also plausible to
argue that the diminished catalytic activity of complexMn2 could
be as a consequence of the coordinated methanol solvent, which
is known to act as a chain transfer agent. Notably, comparable
catalytic activities were observed for the (imino)pyridine com-
plexes Mn3 and Mn4 (Table 1, entries 3–4), which is understand-
able due to their similar coordination chemistry. Interestingly,
complex Mn4 showed a short induction period (Figure S21,
Supporting Information), which can be assigned to the possible
precatalyst rearrangement, in this case, breaking of the polymeric
chains. To the best of our knowledge, complexMn1 appears to be
the most active manganese catalyst reported to date in the ROP
of rac-LA under industrial relevant conditions.[62,63,65,82] For exam-
ple, while the Mn(II) salts, (MnX2, where X = Cl, Br, or Acetate)
reported by Rajashekhar et al.[63] and Kricheldorf et al.,[62]

achieved maximum conversions in days, the current catalyst
Mn1 reached maximum conversions in just 20min. Under melt
conditions at 130 °C, one of the most active Mn(III) catalyst based
on diphenolate–diamino ligand[82] afforded 90% monomer
conversion in 4 h using [rac-LA]:[Mn] ratios of 100:1, compared
to 92% conversion afforded by Mn1 in 20min at 150 °C and
[rac-LA]:[Mn] of 100:1 (Table 1, entry 1).

Scheme 2. The ROP of rac-LA using complexes Mn1–Mn4 as initiator,
[rac-LA]:[Mn] ratio of 100:1, 260 rpm, in bulk at 150 °C in the absence of
an alcohol.

Table 1. Summary of rac-LA polymerization with manganese complexes Mn1–Mn4.

Entrya) Cat Time
[min]

Conv.b)

[%]
kappc)

[s�1]
TOFd)

[h�1]
Mn,theo

e)

[g mol�1]
Mn,GPC

f )

[g mol�1]
Ð g) Prh)

1 Mn1 20 92 3.11� 10�3 276 13 260 5000 1.8 0.55

2 Mn2 360 77 1.40� 10�4 12.8 11 098 3800 1.4 0.58

3 Mn3 480 80 5.75� 10�5 10 11 530 6400 1.7 0.55

4 Mn4 480 63 4.39� 10�5 7.9 9080 n.d n.d 0.59

a)All polymerization reactions were carried out under molten state at 150 °C at [rac-LA]/[Mn] of 100:1, using nonpurified rac-LA. b)Determined by 1H NMR
spectroscopy. c)Determined from the slopes of the plots of ln([rac-LA]0/[rac-LA]t) versus time. d)TOF= ([rac-LA]/[Mn]� conv.%)/(time(h)). e)Mn,theo= [rac-LA]/
[Mn]�molar mass of rac-LA� conversion. f )Determined by GPC in THF relative to polystyrene standards (correction factor= 0.58). g)Determined by GPC
obtained by Mw/Mn. h)Pr is the probability of racemic linkages between monomer units, determined by homonuclear-decoupled 1H NMR spectroscopy.
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2.2.2. Effect of the Addition of Benzyl Alcohol

It is generally known that the addition of alcohol-initiators in the
ROP of lactides could have profound effects on the catalytic per-
formance of metal complexes, both in terms of activity and poly-
mer properties. Initially, we investigated the catalytic activities of
complexesMn1–Mn4 in the ROP of rac-LA in the absence of alco-
hol in air for direct comparisons with the reactions carried out
using benzyl alcohol as a co-initiator (Table 2). The polymeriza-
tion reactions were conducted at [rac-LA]:[Mn] of 100:1, solvent-
free conditions at 150 °C (Table 2, entries 1–4). In general, all the
complexes were slightly sensitive to the atmospheric conditions
and achieved maximum conversions within 5–120 h. For exam-
ple, the imino-phenol-based complexes, Mn1–Mn2, showed
16-fold (86%, TOF= 17.2 h�1) and 18- fold (89%, TOF= 0.7 h�1)
lower catalytic activities in air (Table 2, entries 1–2) compared
to the catalytic activities reported under inert environment
of TOF= 276 and 12.8 h�1, respectively (Table 1, entries 1–2).
Notably, the imino-pyridine-based complexes Mn3�Mn4 showed

improved stability under atmospheric conditions, recording
TOF= 3.3 and 3.6 h�1 in air (Table 2, entries 3–4) compared to
the TOFs of 10 and 7.9 h�1 under inert environment, respectively
(Table 1, entries 3–4).

The polymerization reactions in the presence of benzyl alco-
hol as a co-initiator were performed at [rac-LA]:[Mn]:[BnOH] of
100:1:1 in a Schlenk tube at 150 °C (Table 2). Consistent with lit-
erature reports,[64,65,82] the presence of benzyl alcohol increased
the polymerization rates of all the catalysts (Table 2, entries
5–8). In particular, complex Mn1 showed the highest enhanced
catalytic activity in the presence of benzyl alcohol. For example,
using complex Mn1, >99% (TOF= 24.8 h�1) monomer conver-
sion was observed within 4 h in the presence of benzyl alcohol,
compared to 86% (TOF= 17.2 h�1) monomer conversion
reported within 5 h in the absence of benzyl alcohol (Table 2,
entries 1 and 5).

2.2.3. Determination of Propagation Rate Constant (kp) of
Complex Mn1

Further kinetic studies were performed using the most active
complex Mn1 in order to determine the rate constant of propa-
gation (kp).[65] The ROP reactions were thus carried out at varied
[rac-LA]:[Mn] ratios of 100:1, 500:1, 750:1, 1000:1, and 1500:1. The
apparent rate constants kapp were determined from the slopes of
the semilogarithmic plot (ln([rac-LA]0/[rac-LA]t) versus time for
each catalyst concentration as shown in Figure S22, Supporting
Information. The catalytic trends show that the kapp values
decreased with an increase in catalyst loadings. For example,
complex Mn1 exhibited rate constants (kapp= 6.89� 10�5 s�1)
nearly forty-five times lower at [rac-LA]:[Mn] ratio of 1500:1 com-
pared to kapp= 3.11� 10�3 s�1 at [rac-LA]:[Mn] ratio of 100:1.
The propagation rate constant (kp) was then determined from
the slopes of the plot of apparent rate constants kapp at different
catalyst concentrations vs time (Figure 3). A kp value of
(4.25� 0.15)� 10�2 L mol�1 s�1 was obtained, and is slightly
lower compared to the value of 0.167 L mol�1 s�1 reported for
the commercial Sn(Oct)2.[83]

2.2.4. Determination of Rate Order and Overall Rate Law of
Polymerization Reactions

Further kinetics studies were performed in order to illuminate the
order of the ROP reactions with respect to catalyst Mn1 by
plotting the graph of –lnkapp versus –ln[Mn1] as shown in
Figure S23, Supporting Information. From Figure S23, Supporting
Information, a fractional rate order of 1.32 with respect to catalyst
Mn1 concentration was obtained. Thus, combined with the first
order kinetics with respect to monomer, the overall rate law can
be represented as given in Equation (1). The fractional rate order
with respect to [Mn1] could be ascribed to disintegration of the
tetranuclear core, as supported by the fragmentation patterns
observed in the mass spectrometry spectrum of complex Mn1
(Figure S17, Supporting Information). To support this assertion,
while no molecular ion peak at m/z= 1012 amu was recorded,
the observed m/z signals at 724, 471, and 344 amu correspond

Figure 2. The semi-logarithmic plots of ln([LA]0/[LA]t) versus time of the ROP
of rac-LA using complexes Mn1–Mn4 at [rac-LA]:[Mn] of 100:1, solvent-free
conditions at 150 °C, and 260 rpm using Schlenk tube techniques.

Table 2. Summary of rac-LA polymerization with manganese complexes
Mn1–Mn4 performed in air.

Entrya) Cat [rac-LA]: [Mn]:[BnOH] Time [h] Conv.b) [%] TOFc) [h�1]

1 Mn1 100:1:0 5 86 17.2

2 Mn2 100:1:0 120 89 0.7

3 Mn3 100:1:0 24 79 3.3

4 Mn4 100:1:0 24 87 3.6

5 Mn1 100:1:1 4 >99 24.8

6 Mn2 100:1:1 48 80 1.7

7 Mn3 100:1:1 18 87 4.8

8 Mn4 100:1:1 22 91 4.1

a)All polymerization reactions were carried out under molten state at 150 °C
at [rac-LA]:[Mn] :[BnOH], using nonpurified rac-LA. b)Determined by 1H NMR
spectroscopy. c)TOF= ([rac-LA]/[Mn]:[BnOH� conv.%)/(time[h]).
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to the trinuclear, dinuclear, and mononuclear species, respec-
tively (Figure S17, Supporting Information). Thus, the fraction
reaction order of 1.32 with regard to catalystMn1 could originate
from the presence of these different fragments as active species,
consistent with previous literature reports.[84,85] In general, the
order can be treated as first order kinetics as depicted in
Equation (1) to give an overall of two.

Rate ¼ �d½rac � LA�=dt ¼ kp½rac � LA�1½Mn1�1 (1)

2.2.5. Determination of Molecular Weights and Polymer
Microstructure

To determine the polymer molecular weights and dispersities (Ð),
gel permeation chromatography (GPC) using polystyrene stand-
ards was employed. Generally, low average number molecular
weights (Mn up to 6 400 gmol�1) and moderate dispersities
(Ð= 1.2–1.8) at [rac-LA]:[Mn] ratio of 100:1 were recorded
(Table 1, entries 1–4). Appreciable discrepancies between the
observed average number molecular weights (GPC) and theoret-
ical molecular weights were also evident. For an example, com-
plexMn1 afforded polymers with experimental molecular weight
of 5 000 gmol�1, compared to the theoretical molecular weights
of 13 260 gmol�1 (Table 1, entry 1 and Figure 4). The observed
lower experimental molecular weights could be attributed to the
presence of different catalyst fragments as discussed in Figure
S17, Supporting Information. It is also possible to argue that high
viscosity and the occurrence of side reactions, such as transester-
ification, could be a contributing factor.[86–88] Nonetheless, the lin-
earity of the plots of Mn versus % conversions for complexesMn1
andMn2 and invariable Ð values, partly indicated controlled poly-
merization reactions (Figure S24–25, Supporting Information).
Unfortunately, the reactions performed under atmospheric con-
ditions, both in the presence or absence of benzyl alcohol

(Table 2), did not result in any pol(lactide) precipitates, depicting
possible formation of very low molecular weight PLAs or oligo-
meric materials. Formation of low molecular weight polymers
in the presence of alcohol initiators is associated with the
presence of multiinitiating groups/different growing polymer
chains.[89] To determine the polymer microstructure and tactic-
ities, homonuclear decoupled 1H{1H} NMR spectra was utilized
(Figure S26–29, Supporting Information). The complexes afforded
mainly atactic biased polymers with Pr= 0.58–0.59 (Table 1,
entries 1–4) showing no signs of any isoselectivity.

2.2.6. End Group Analysis and Mechanistic Pathways

In order to establish the nature of the end-groups of the polymers
and the mechanism of the ROP reactions of the rac-LA using
these complexes, a polymer sample (at 86% conversion)
produced from catalyst Mn1 at [rac-LA]0/[Mn1]0 molar ratio of
100:1 under melt conditions at 150 °C was analyzed using
atmospheric pressure chemical ionization mass spectrometry
(APCI-MS). The APCI mass spectrum in Figure S30, Supporting
Information, is consistent with the polymer being end-capped
by the ligand (L1) and ─OH end-groups. For instance, the peak
observed at 1247.3 gmol�1 in the APCI spectrum corresponds to
HOCHCH3CO(OCHCH3CO)n─C9H10NO2, and consists of the termi-
nated polymer with n(OCHCH3CO) (n= 14), the rest of the polymer
chain (145–(72)n= 73 amu), the ligand (C9H10NO2= 164 amu) as
depicted in Figure S30, Supporting Information. It is worth men-
tioning that the repeating units are separated by 72 Da which
points to the presence of transesterification reactions.[82,90–93]

The results obtained suggest that the ROP of rac-LA follows the
coordination-insertion mechanism, rather than activated mono-
mer mechanism.[94]

3. Conclusions

In this contribution, we have reported a new family of rare
manganese(II)/(III) complexes bearing (imino)phenol (Mn1–Mn2)

Figure 4. Plot of Mn,GPC (g mol�1), Mn,theo. (g mol�1), and Ð versus
[rac-LA]0/[Mn]0 for ROP of rac-LA at 150 °C using complex Mn1.Figure 3. Linear plot of kapp versus [Mn1], the slope of the linear plot repre-

sents the propagation rate constant kp value, which is (4.25� 0.15)� 10�2

(Mn1, R2= 0.998) L mol�1 s�1. Polymerization reaction conditions: nonpurified
rac-LA; 150 °C; 260 rpm; solvent-free; and [rac–LA]/[Mn]= 100:1, 500:1, 750:1,
1000:1, and 1500:1 using Schlenk tube techniques.
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and (imino)pyridine proligands (Mn3–Mn4) as catalysts in the
ROP of rac-LA. The (imino)pyridine proligands (L3H and L4)
afforded polynuclear complexes, whereas, the (imino)phenol
proligands (L1H2 and L2H) witnessed diverse coordination modes
to give both mononuclear and tetranuclear complexes, depend-
ing on the nature of the pendant groups. The complexes
exhibited high catalytic activities in the ROP of rac-LA under
industrial and melt conditions, affording moderately dispersed
atactic biased polymers with moderate molecular weights.
Complexes, Mn1 and Mn2, based on (imino)phenol proligands,
exhibited higher activities when compared to the polynuclear
(imino)pyridine-based complexes Mn3 and Mn4. All complexes
showed increased activities in the presence of benzyl alcohol
as a co-initiator. The tetranuclear complex Mn1 was the most
active and to the best of our knowledge, the rate constant
of kp= 4.25� 0.15� 10�2 L mol�1 s�1 is the highest reported to
date in literature for any manganese complex in the ROP of
rac-lacitde under melt conditions. The polymerization reactions
in the absence of benzyl follow coordination-insertion mecha-
nism. Thus, this work has the potential to open new frontiers
on the use of the naturally abundant and affordable manganese-
based complexes as catalysts for the production of biodegradable
polyesters.

4. Experimental Section

Synthesis of (Imino)Phenol/Pyridine Manganese Complexes:
General Synthesis of Complexes Mn1–Mn4

To a stirred solution of MnCl2.4H2O in a 1:1 v/v mixture of methanol/
acetonitrile (20 mL), one equivalent of the corresponding ligand, was
added dropwise and stirred for 24 h at room temperature. The crude
products were filtered, washed with cold acetonitrile (2� 10mL), fol-
lowed by diethyl ether (2� 10mL), and then, dried under vacuum to
give the respective manganeses complexes.

Synthesis of (Imino)Phenol/Pyridine Manganese Complexes:
[Mn(L1)Cl]4 (Mn1)

2-[((2-hydroxyethyl)imino)methyl]phenol (L1H2) (0.20 g, 1.21 mmol)
and MnCl2.4H2O (0.24 g, 1.21 mmol) afforded a brownish solid.
Single crystals suitable for X-ray analysis were grown by layering
diethyl ether on methanol solution. Yield= 0.45 g (37%). FT-IR
(cm�1): (νC─H)alkyl 2930, (νC═Nimine) 1625, and (νC─O) 1294. ESI-MS:
m/z (%) 296 [(Mþ � (MnL1)3Cl2, þ Li þ 2 Hþ, 100%). Anal. Calc. for
C36H36Cl4Mn4N4O8 C, 42.63; H, 3.58; and N, 5.52. Found: C, 42.68;
H, 3.36; and N, 5.58.

Synthesis of (Imino)Phenol/Pyridine Manganese Complexes:
[Mn(L2)2(CH3OH)2] (Mn2)

2-[((2-methoxyethyl)imino)methyl]phenol (L2H) (0.20 g, 1.12 mmol)
and MnCl2.4H2O (0.20 g, 1.12 mmol) afforded a green solid. Single
crystals suitable for X-ray analysis were grown by slow evaporation
in MeOH/Acetonitrile solution. Yield= 0.18 g (34%). FT-IR (cm�1):
(νN─H) 3317, (νC─H)alkyl 2916, (νC═Nimine) 1619, (νN─H) 1468, and
(νC─Oether) 1153. ESI-MS: m/z (%) 411 [(Mþ – (MnL1H)Cl4, 100%).
Anal. Calc. for C22H32MnN2O6.2MeOH: C, 48.56; H, 5.30; and N, 5.66.
Found: C, 48.24; H, 4.96; and N, 5.42.

Synthesis of (Imino)Phenol/Pyridine Manganese Complexes:
[Mn(L3H)Cl2]3 (Mn3)

(E)-2-((pyridine-2-ylmethylene)amino)ethan-1-ol (L3H) (0.33 g,
2.18 mmol) and MnCl2.4H2O (0.43 g, 2.18 mmol) afforded a yellow
solid. Single crystals suitable for X-ray analysis were grown by slow
evaporation in MeOH/Acetonitrile solution. Yield= 0.58 g (32%). FT-IR
(cm�1): (νH─O)alkoxo-hydroyl 3402, (νC─H)alkyl 2960, (νC═N)imine 1645, (νC─O)
1283, and (νO─H)1oalcohol 1030. ESI-MS: m/z (%) 479 [(Mþ – (MnL4H)
Cl4, 100%). Anal. Calc. for C24H30Cl6Mn3N6O3: C, 34.81; H, 3.65; and
N, 10.15. Found: C, 34.50; H, 3.65; and N, 10.08.

Synthesis of (Imino)Phenol/Pyridine Manganese Complexes:
[Mn(L4)Cl2]3 (Mn4)

(E)-N-(2-methoxyethyl)-1-(pyrid-2-yl)methanimine (L4) (0.36 g, 2.18mmol)
and MnCl2.4H2O (0.43 g, 2.18 mmol) afforded a cream-white solid.
Yield= 0.67 g (35%). FT-IR (cm�1): (νC─H), 2943, (νC═Nimine); 1621,
and (νC─O), 1153. ESI-MS: m/z (%) 254 [(Mþ – (MnL5)2Cl5, 100%).
Anal. Calc. for C27H36Cl6Mn3N6O3: C, 37.27; H, 4.17; and N, 9.66.
Found: C, 37.21; H, 3.91; and N, 9.49.

Deposition Numbers https://www.ccdc.cam.ac.UK/services/structures?
id=doi:10.1002/###.20220XXX” –2 423 017 - 2 423 019 for complexes
Mn1–Mn3, contain the supplementary crystallographic data for this
paper. These data are provided free of charge by the joint Cambridge
Crystallographic Data Centre http://www.ccdc.cam.ac.UK/structures
Access Structures service. The spectroscopic data, detailed experimental
procedures, tables and figures associated with this article are available
free of charge in ESI (electronic supplementary information).
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