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An organomagnesium complex containing an imino-phosphanamidinate
ligand was found to be a competent catalyst for the ROP of rac-LA
and g-CL as well as their copolymerization via sequential addition of
monomers, resulting in the formation of PCL-b-PLA diblock co-
polymer. The polymers obtained were characterized by H, °C,
DOSY NMR, DSC, TGA, POM, and SEM.

Aliphatic polyesters present many attractive attributes as they
can be made using resources produced from renewable bio-
mass in comparison to petroleum-feed stock based polymers."
Among the aliphatic polyesters, polylactides (PLAs) and poly-
caprolactones (PCLs) have attracted considerable interest.>
Ring-opening polymerization (ROP) of cyclic esters promoted by
organometallic catalysts is the most effective method for prepar-
ing polyesters with a well-controlled molar mass, narrow mole-
cular weight dispersity, and precise control over stereoselectivity®
under mild reaction conditions.

Even though PLAs and PCLs have favorable characteristics
each of them possesses certain limitations. Thus, while PLA has
good mechanical strength,* it suffers from poor elasticity,* and
brittleness.? On the other hand, PCL possesses good elasticity®
and poor mechanical characteristics.” By copolymerizing LA
with &-CL it may be possible to prepare polymers where the
complementary strengths of individual homopolymers may be
incorporated. Such copolymers have received significant atten-
tion in the pharmaceutical and biomedical fields.® One such
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example is the block copolymerization of &-CL and LA, which
allows the excellent permeability of the PCL to be combined
with the rapid biodegradation of PLA.” The properties of the
materials can be fine-tuned by controlling the composition and
distribution of the two comonomers in the polymer chain to
meet specific requirements in various applications.® Because of
this importance, developing metal catalysts as effective initiators
for the ROP and ROCOP (ring-opening copolymerization) of
cyclic esters has received growing attention in recent years.
Sn(u)-2-ethyl hexanoate is used on an industrial scale but suffers
from toxicity issues, as it is practically impossible to fully remove
the tin from the polyesters, thus making such polymers unfit for
biomedical applications.’ Therefore, there is a necessity for the
development of biocompatible and non-toxic metal catalysts to
make the polymers viable for such applications. Several organo-
metallic compounds involving aluminum,'® calcium,** zinc,*?
magnesium,"? titanium,'* and lanthanides,"® have been success-
fully used for initiating the ROP of lactones and lactides.
Alkaline earth metals (Mg, Ca, Sr) are suitable alternatives
because of their non-toxicity, cost-effectiveness, and compat-
ibility with biological systems. The main challenge in develop-
ing these catalysts is that they undergo Schlenk-type equilibria
mechanism.'® In 2022, our group reported a Mg complex
supported by flexible amidophosphine chalcogenide and stu-
died its catalytic performance in the isoselective synthesis of
PLA and PCL without any external initiator, but it could not
initiate ROCOP."” Consequently, we were keen to develop novel
initiators that are active in ROCOP that enable a statistical
distribution of comonomer subunits in the polymer chain.
Looking into the literature, limited Mg complexes have been
studied for ROCOP of rac-LA and &-CL producing block copoly-
mers (PCL-b-PLA)."®2° However, these catalysts typically require
an external initiator/cocatalyst to initiate the ROP. We recently
reported an imino-phosphanamidinate-supported Cs complex
enabling efficient ROP and ROCOP of rac-LA and &-CL in the
absence of an external initiator.>* To further continue our
efforts toward designing novel catalysts, we have synthesized
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Fig.1 Mg complex as catalyst for ROP and ROCOP of cyclic esters in this
work.

an imino-phosphanamidinate-supported Mg complex (1). The
present work describes the synthesis and the application of the
imino-phosphanamidinate-supported Mg complex (1) as a com-
petent catalyst in the ROP and ROCOP of rac-LA and &-CL
without any external initiator (Fig. 1).

Complex 1 was synthesized by the reaction of imino-
phosphanamidinate ligand with Mg(CH,SiMe;), to yield the Mg
alkyl complex [K>-{NHI”'PPP(Ph)N-Dipp}MgCH,SiMe;] (Scheme 1).
Complex 1 was characterized thoroughly using multinuclear NMR
spectroscopy and single-crystal X-ray crystallography. The molecu-
lar structure of 1 in the solid state is furnished in Fig. 2. The Mg**
ion is bonded to two nitrogen atoms (N3 and N4) from the
monoanionic imino-phosphanamide [NHI”'PPP (Ph)N%PP]~ moiety
and one neosilyl group. Important metrical parameters of the
complex are summarized in the caption of Fig. 2. When complex 1
was initially investigated, the ROP of rac-LA was performed without
an external initiator (Table S11 in ESIT). The polymerization of rac-
LA with a monomer-to-catalyst ratio of 100:1 was accomplished
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Scheme 1 Synthesis of magnesium alkyl complex (1) supported by imino-
phosphanamidinate ligand.
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Fig. 2 The molecular structure of Mg-complex 1 with the thermal dis-
placement parameters drawn at 30% probability. Hydrogen atoms are
omitted for clarity. Selected bond lengths [A] and bond angles [°]: Mg-
N4 1.9922(16), Mg—N3 2.0832(14), Mg-C46 2.100(9), P1-N4 1.6732(14),
P1-N3 1.7607(14), C46-Sil 1.786(9), N3-P1-N4 92.34(7), N3-Mg-N4
74.86(6), N4-Mg-C46 136.2(3), N3-Mg-C46 144.9(4), P1-N4-Mg
99.26(7), P1-N3-Mg 93.14(6), Mg—-C46-Si1 116.2(6). CCDC No. 2387519.
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with 97.1% conversion within 6 h at 90 °C in toluene (Table S11,
entry 1, ESIT). However, using 1 as the catalyst, the same reaction
took six hours to achieve 50% monomer conversion when THF
was used as a solvent (Table S11, entry 6, ESIT). The reason for the
variation in reaction rates is due to the competitive coordination
between solvents with different polarities and THF with active
metal centers, reducing the LA-metal interaction. Therefore,
toluene was selected as the ideal solvent to reduce solvent influ-
ence in the ROP of LA. When we increased the quantity of the
monomer up to 400 equivalents of rac-LA with 1 as the catalyst in
toluene for 6 h, the conversion observed was 71.4%, affording a
molecular weight of 39.7 kDa and dispersity (P) around 1.5. The
molecular weights of the polymers (M,) agreed well with their
calculated values and showed a linear relationship (Fig. S16 in
ESIt), with an increase in the quantity of the monomer, and the
narrow molecular weight distributions were confirmed by GPC
analysis. This linear relationship between (M, ¢x,) determined by
GPC and calculated molecular weights (M, o) indicates a living
polymerization process. Furthermore, this suggests that the poly-
merization process was effectively well-controlled, exhibiting a
high initiation efficiency when the Mg complex was used as an
initiator. The Mg complex showed good control in polymer
stereoselectivity and produced isotactic-rich polymers, confirmed
by the homonuclear decoupled "H NMR spectrum (Fig. S21 in
ESIt). The high tetrad intensity of mmm suggests that monomers
with the same stereochemical configurations are significantly
more common throughout the polymer chain. The P; values of
0.85, 0.79, 0.75, and 0.73 were achieved when the stoichiometric
ratios of [LA]: [1] were varied in the order of 100:1, 200:1, 300:1,
and 400: 1, respectively. The thermal analysis of a representative
PLA sample with P; = 0.85 via differential scanning calorimetry
(DSC) displayed a glass transition peak (T,) at 60.7 °C and a
melting peak (T,,) at 205.6 °C (Fig. S22 in ESIt).*> The sample
was also analyzed by thermogravimetric analysis (TGA), which
ensured high thermal stability of the synthesized PLA up to
234.10 °C (Fig. $23 in ESI¥).

A typical kinetics study was conducted to determine the
reaction order with respect to the monomer and catalyst (refer
to ESL 7 for details). The kinetic plots for [LA]y/[LA] vs. [cat 1] were
found to be linear, which indicates that there is a first-order
dependence on rac-LA concentration (Fig. S4 in ESIt). Since the
polymerization reactions showed first-order dependence, it vali-
dates the presence of only one initiator. The activation para-
meters for the ROP or rac-LA in CDCl; were found to be AH* =
20.2 kf mol " and AS* = —238.6 ] (mol K) ', 4E,F = 23.2kJmol .
A AG* value of 106.8 k] mol " was calculated for the ROP of rac-
LA catalyzed by the catalyst 1 at 90 °C (Fig. S8 and S9 in ESIt). We
also carried out reactions in the presence of external initiators
like benzyl alcohol (BnOH), where we observed that the ROP rate
was practically the same for most cases (Fig. S11 in ESIT). Further,
reactions were performed by varying the concentrations of BhOH
and keeping the catalyst 1 concentration and rac-LA constant.
However, in all cases, the value of the rate constant ks remains
the same. This lack of dependence on BnOH concentration
confirms its zero-order contribution to the rate law (Fig. S14
and S15 in ESIt). Further, the in situ characterization of the active

This journal is © The Royal Society of Chemistry 2025
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catalyst species using the "H NMR technique revealed the coor-
dination and the attachment of growing polymer chains with the
Mg complex (Fig. S40, ESIT). The outcome results demonstrated
that the polymerization continued via a so-called “coordination-
insertion mechanism” which is renowned for most alkali metal
phenoxides systems where the rac-LA was first activated after
coordination to the metal centers and then ring-opened via
nucleophilic attack by the lone pair of N atom of P-N bond.
Based on the above information, a plausible mechanism is
proposed (Fig. S41, ESIY).

Complex 1 was also examined for the activity as an initiator
for the ROP of &-CL without any external initiator. Reaction
details are summarized in (Table S13 in ESI{). Overall, the ROP
process had good control, allowing PCLs with a significant
match between M, theo and M, e, with D up to 1.3 as deter-
mined by GPC. A linear relationship for both My, tneo and My, exp
versus [e-CL]:[1] ratio further validates chain-end controlled
living polymerization with minimum side reactions (Fig. S29 in
ESIT). The thermal properties of the polymer obtained were
determined by DSC and TGA analysis. The TGA thermogram of
the synthesized PCL showed its thermal stability up to
283.07 °C (Fig. S28 in the ESIf). The melting points of the
synthesized PCL by DSC were noted to be at 61.5 °C and 63.6 °C
for the M, value of 10.1 kDa and 31.4 kDa, respectively (Fig. S27
in the ESIY).

For complex 1, we initially attempted to polymerize rac-LA
followed by e-CL addition; we could observe no incorporation of
&-CL into the polymer chain. However, the desired copolymer
was obtained when we changed the sequence to polymerize &-
CL to PCL, followed by the addition of rac-LA. The obtained
copolymers showed monomodal molecular weight distribu-
tions, with a good agreement between the experimental and
theoretical molecular weights. We performed a series of copo-
lymerization reactions of rac-LA and e-CL with [LA]:[CL]:[1]
ratio of 50/50/1 at different times using toluene as a solvent, as
mentioned in Table 1. Initially, monomer conversions of 88.9%
for &CL and 76.7% for rac-LA were achieved within 6 h,
producing a copolymer with 59.4% caproyl and 40.6% lactidyl
units, which resulted in a copolymer with a caprolactone
enriched composition (Table 1, entry 1). On increasing the
reaction time up to 12 h, the copolymer composition with

Table 1 Block copolymerization of e-CL and rac-LA using catalyst 17
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lactidyl units increased to 47.1% and decreased to 52.5% for
caproyl units. After 24 h, under the same conditions, monomer
conversions reached more than 90%, producing a copolymer
with 50.9% caproyl and 49.1% lactidyl units, resulting in
almost 50:50 inclusion of LA and CL (Table 1, entry 3). We
were also interested in regulating the feed ratio of the mono-
mers; as a result, subsequent copolymerization reactions were
conducted, varying the feed ratios of CL to LA but maintaining
constant catalyst loadings (40:60 and 60:40). For both ratios,
di-block copolymers were produced with comonomer ratios
integrated into the polymer chains confirmed by 'H and ’C
NMR spectroscopy. From the "H NMR spectrum (Fig. 3), the
signals for the methylene protons (-CH,-OH) of the hydroxyl
end groups of the PCL polymers at 3.57 ppm disappeared
completely in the isolated polymer, and we observed a new
signal at 4.29 ppm, which corresponds to the methine proton
[FCH(CH3)OH] of the hydroxyl end group in the copolymer.
From this observation, we can conclude that the polymerization
of LA was initiated by the PCL reactive chain end.'® While
analyzing PCL’s methylene signal in the "H NMR spectrum, we
observed a triplet at 6 2.33 ppm, and CL-LA linkage was
observed at § 2.36 ppm. The >C NMR spectra (Fig. S31 in ESIt)
exhibited two peaks at 169.6 ppm and 173.5 ppm, corres-
ponding to lactidyl C=O sequences and caproyl C=O
sequences.”>® No additional signals were observed between the
two signals, indicating no transesterification occurred during
the copolymerization.>®> The GPC analysis further confirmed
the presence of copolymers through an increase in M, and a
monomodal peak for the PCL-b-PLA copolymer (Fig. S34 in
ESIT). The formation of a copolymer was also supported by
DOSY NMR (Fig. S35 in ESIY), as a single diffusion coefficient
was observed for both PCL and PLA resonances. The structures
of the PCL/PLA copolymers can be determined by measuring
the ratio of the signal of polymerized CL linked to the LA
molecule to the signal of terminal LA in the 'H NMR.?° The
value for the copolymer sample was near 1, indicating that a di-
block copolymer structure had been exclusively formed. The
randomness factor, R, gives insight into whether the copolymer
has a well-defined block structure (R = 0) or a pure random
structure (R = 1, refer to ESIt).>* For the copolymers, the R
values range from 0.02-0.03, confirming the formation of block

Time Time (h)  CL/LA® CL/LA® Ratio of CL/LA: Moheo!  Monmr  Mueg®
Run [CL]:[LA]:[1] (h)CL  racLA Conv (%) (mol %) terminal LAY R® (kDa) (kDa) (kDa) o
1 50:50:1 2 6 88.9/76.7  59.4/40.6  0.67 0.02  12.9 10.5 6.1 1.2
2 50:50:1 2 12 90.1/80.6  52.5/47.1  0.98 0.02  12.9 10.9 7.7 1.2
3 50:50:1 2 24 96.3/90.1 50.9/49.1 1 0.02  12.9 12.1 12.5 1.3
4 40:60:1 2 24 93.4/89.9  39/60.1 0.75 0.01 143 11.8 10.5 1.4
5 30:70:1 2 24 95.7/87.3  33/66 0.99 0.02  13.5 11.7 9.8 1.1
6 60:40:1 2 24 90.3/72.1  76.3/23.7  0.88 0.03 126 10.3 9.5 1.2

“ Reaction conditions: Tol (4 ml), 90 °C. ? Percentage conversion of the monomer determined by "H NMR spectroscopy in CDCl;. ¢ CL/LA mole
ratio in copolymer. ¢ Determined from 'H NMR integrals for purified copolymer samples. ¢ Randomness factor, R: R = 0 (blocky structure), R = 1
(fully random). ¥ My, neo = ([CL]/[1] X % CL x 114.14) + ([LA}/[1] x % LA x 144.13) + 32 (for end group). £ Determined by GPC relative to polystyrene
standards in tetrahydrofuran: M,, (GPC) = M,, (GPC) x CL (% mol in copolymer) x 0.56 + M, (GPC) x LA (% mol in copolymer) x 0.58. Universal
calibration was carried out using polystyrene standards, laser light scattering detector data, and a concentration detector. Each experiment is
duplicated to ensure precision.
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Fig. 3 'H NMR spectrum of a PCL-b-PLA copolymer (Table 1, entry 4).

copolymers. Thermal analysis of the copolymers (PCL-b-PLA)
was carried out by DSC and showed two T, at 60.3 °C for the
PCL block and 237.8 °C for the PLA block (Fig. S36 in ESIY).
From the TGA analysis, copolymer exhibited a two-step degra-
dation where the first step at 246.80 °C can be ascribed to the
degradation of PLA, and the second one at 412.16 °C can be
ascribed to the degradation of PCL portions (Fig. $37 in ESI{).>
Notably, complex 1 also displays stereocontrol for rac-LA ROP,
resulting in isotactic PLA blocks (Fig. S42 in ESIY).

Further, the SEM analysis of the copolymers indicated that
both PLA and PCL segments exhibited different morphologies
due to microscopic phase separation.>® Sample with equal
proportion of PCL and PLA (50.9:49.1%) is composed of
a continuous fractured surface for PLA and droplet matrix
morphology for PCL segment. Upon increasing the PCL content
to 76.3%, an increase in droplet matrix morphology with a
relatively larger spherical droplet was observed. The optical
microscopic analysis of the copolymer sample (entry 6 and 4)
showed formation of spherulites of PCL segment uniformly
distributed throughout the amorphous PLA matrix.

In conclusion, the Mg imino-phosphanamidinate complex
was able to initiate the ROP of rac-LA and &-CL in a controlled
manner and the formation of a well-defined block copolymer of
PCL-b-PLA via sequential addition of monomers with con-
trolled molecular weight distribution and narrow dispersity.
To the best of our knowledge, this is the first example of a
single-site imino-phosphanamidinate supported magnesium
catalyst for ROP of rac-LA and &-CL as well as their copolymer-
ization to form PCL-b-PLA diblock. The PLAs produced using
this catalyst show an isoselectivity of 0.85 which is the highest
to date by magnesium complex without using any external
initiator. The polymer samples were characterized by 'H and
BC, DOSY NMR, DSC, POM, and SEM. This work will encourage
researchers to develop Mg complexes that could be utilized to
synthesize biodegradable polymers with good selectivity.
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