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The ring-opening polymerization (ROP) of e-caprolactone (CL) catalyzed by a metal-free initiator
N,N'-dibutyl-N,N,N’,N'-tetramethylethanel,2-diammonium ["BuMe,NCH,CH,N"BuMe,|Br,
(DBTMEDA)Br;, has been investigated. The catalyst (DBTMEDA)Br, promotes polymerization under mild

bromide

conditions without any external initiator. Polymerization was demonstrated in a controlled and living
manner, producing PCLs with a precisely controlled molecular weight of up to 50 kDa with narrow poly-
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dispersity. Density Functional Theory (DFT) calculations indicated the involvement of a C-H---O type
non-covalent interaction between DBTMEDA cations and the carbonyl group of £-CL in the monomer
activation step. Remarkably, DBTMEDA can also be easily recovered and reused for up to six consecutive
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Introduction

Green chemistry aims to increase the usage of monomers from
natural resources and implement safer, more efficient, and
eco-friendly chemical processes. Non-covalent interactions,
even though very weak in nature, play a dominant role in
pharmaceutical design, supramolecular chemistry, molecular
biology, sensing applications, material and crystal engineering,
and a host of other fields in the chemical sciences.'™®
Immense efforts have been put forth by theoretical as well
experimental scientists to quantitatively establish the role of
non-covalent interactions, which include hydrogen bonding,
electrostatic effects, m-m, cation-n, and hydrophobic inter-
actions, and van der Waals forces.”** Notable contributions of
these forces to rate accelerations and stereoselectivities have
also been exemplified in several enzymatic catalyses.">'* In a
similar direction, Zhao and coworkers have leveraged the
strong hydrogen-bonding ability of a commercially available
fluorinated alcohol to perform efficient ROP of a-amino acid
N-carboxyanhydrides with no cocatalyst."®

Poly(e-caprolactone) (PCL) is a high-demand synthetic poly-
ester with attractive features such as excellent biodegradability,
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cycles without an appreciable decrease in catalytic activity.

biocompatibility, good thermal stability, and ease of manufac-
ture.'® Since the first synthesis of PCL by the Carothers group
in the early 1930s, various PCL polymers have been commer-
cialized and applied in many fields today, ranging from the
biomedical and pharmaceutical fields to the agricultural field.
Recently, with the advancement of tissue engineering, there
has been a strong surge in demand for PCL, with the total esti-
mated volume expected to reach 909.81 billion USD by 2029."”
Compared to the traditional polycondensation methods, metal
complex-induced ring-opening polymerization (ROP) of e-
caprolactone (e-CL) is more effective and provides better con-
trollability for the production.'®

Numerous well-defined discrete metal complexes have been
developed for the ROP of e-CL."2® However, the presence
of traces of metal residues in commercial products is one of
the challenges in using these polymers in biomedical,
drug delivery, tissue engineering, and micro-electronics
applications.>”*° Both organocatalysts and enzymes have been
intensively investigated for the ROP of cyclic esters as alterna-
tive metal-free catalysts.*®> Enzyme catalysts demonstrate
high selectivity and promising catalytic activity under mild
reaction conditions.*® However, enzyme-catalyzed industrial
processes still face the challenge of improving the reactivity of
enzymes in non-aqueous media. To overcome these problems,
difunctional systems combining an H-bond donor compound
with an organic base (H-bond acceptor) have been
designed.’”™*' In this approach, the ester moiety of the cyclic
monomer is activated by the H-bond donor. Concomitantly,
the base accepts an H-bond from an externally added alcohol
to initiate the polymerization. Besides the desired H-bond
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association with the monomer and initiating alcohol, the
H-bond donor and acceptor compounds can interact, which
may represent a limitation of a difunctional H-bond donor
catalyst. Such interactions lowering the amount of the active
catalyst in solution or even completely quenching the catalytic
activity have been reported.*>*?

Ionic liquids (ILs) as organocatalysts are one of the hot
topics of chemistry in catalysis research. ILs are liquid com-
pounds of cations and anions that display ionic-covalent crys-
talline structures.** Significant features of ILs that make them
suitable as catalysts are their flexibility of adjusting acidity/
basicity by simple cation/anion exchange reactions.*™®
Despite the widespread utility of ILs in various inter-disciplin-
ary areas of fields, their application in ROP of e-CL remained
limited to only specific aromatic imidazolium-salt containing
alkyl chains such as 1-butyl-3-methylimidazolium hexafluoro-
phosphate [Bmim][PFs], 1-methyl-3-methyl-imidazolium hexa-
fluorophosphate [Memim][PFs] and bis(N-(N'-butylimidazo-
lium)alkane) (Fig. 1).**>" Also, these ILs are of high cost and
environmentally toxic and have high purity requirements.>*">*
High temperature, slow reaction, and requirement of an exter-
nal initiator remain the critical disadvantages of these organo-
catalysts compared to conventional metal catalysts.

On the other hand, aliphatic quaternary-ammonium-salts
containing alkyl chains exhibit stronger ionic interactions
because of their localized cationic charge on the ammonium
group and enhanced van der Waals interactions among the
alkyl chains.>® Therefore, we anticipated that they might
enable faster ROP by their stronger ionic interaction with the
monomer than their aromatic imidazolium counterparts. As
catalysts for ROP, aliphatic quaternary-ammonium-salts can
present numerous other advantages, including their green
character, simple one-step synthesis from readily available
commercial materials, and ease of handling. Furthermore,
their characterization and solution properties have been well
established,>” but to the best of our knowledge, their appli-
cation as catalysts for the ROP is unknown. Herein, we
describe our study of an aliphatic dicationic quaternary
ammonium salt, DBTMEDA (1), catalyzing the ROP of &-CL
(Fig. 1). Syntheses of PCL with precise and predictable control
over the molecular weight were achieved with >95% conversion
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Fig. 1 Previously reported organocatalysts and the current work for
ROP of e-CL.
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within 8 h under mild reaction conditions. The catalyst recov-
ery and reusability studies performed on a representative reac-
tion demonstrated efficient recycling of the catalyst. We also
present a model in which a non-covalent interaction, namely
the C-H---O hydrogen bond, between the carbonyl group of e-
CL and a methylene CH, group of dicationic ammonium salts
triggers monomer activation to initiate the polymerization.

Results and discussion

Synthesis of salt

The salt N,N'-dibutyl-N,N,N’,N-tetramethylethane-1,2-diammo-
nium bromide (1) was synthesized using a procedure reported
in the literature.”®

Ring-opening polymerisation of e-CL

The catalytic activity of 1 was first verified for the ROP of 100
equivalents of e-CL at 60 °C using toluene as the solvent
(Table 2). It was intriguing to note that a 37.6% conversion in
the first two hours was observed without any external initiator.
With this encouraging finding, a first screening was conducted
to find the optimal time for the complete conversion without
any external initiator. Upon further proceeding with the reac-
tion, 58.8, 79.9, and 98.3% conversions were attained in 4, 6,
and 8 h, respectively. After quenching with BnOH, 99% of the
polymer product was isolated by precipitating the crude reac-
tion mixture in water. The solvent toluene was recovered from
water using a separating funnel. The turnover frequency (TOF)
calculated for the catalyst was 12.2 h™", substantially higher
than the value calculated for the same reaction reported using
an ionic liquid-based catalyst (Table 1). Even though the
highest TOF of 13.3 h™" could be achieved in the first 6 h, the
polymerization was continued for 8 h to ensure >95%
monomer conversion. The other green chemistry metrics eval-
uated for this reaction such as E-factor, atom economy (AE),
atom efficiency, carbon efficiency (CE), product mass intensity
(PMI), effective mass yield (EMI) and reaction mass efficiency
(RME) were also improved significantly compared to the
reported IL catalyst (Table 1). Fig. FS10 in the ESIt shows the
'H NMR spectrum of the prepared PCL showing the typical
peaks as reported in the literature.>® The chemical shifts of
4.07, 2.29, 1.64, and 1.34 ppm are due to PCL, and the peak
due to the methylene protons adjacent to the o-chain end of
the hydroxyl group is observed at 3.65 ppm. The chemical
shifts of 7.32 and 5.10 ppm are due to the aromatic methylene
protons of the BnO~ moiety attached to an ester linkage,
respectively. Additionally, the number-average molecular
weight of the polymer estimated from 'H NMR agreed with
that calculated from the feed monomer to initiator ratio and
monomer conversions (Table 2, entry 4).

The monomer-to-catalyst ratio plays a crucial role in the ROP
of cyclic esters. Next, we carried out the polymerization by suc-
cessively increasing the monomer loading to 200, 300, 400, and
500 equivalents at a given catalyst concentration. High conver-
sions of the monomer were achieved for all the reactions to give

This journal is © The Royal Society of Chemistry 2025
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Table 1 The comparison of green metric parameters for the ROP of ¢-CL using ionic liquids (previous work in the literature) and salt (present

study)
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Green chemistry metric Acronym formula Ref. Previous approach Current work
Total mass of waste
E-factor EFactor = — 67 and 68 0.5 0.01
Mass of Product
MW of product

Atom economy (AE) AE=——————x100 67 and 68 98% 100%

>~ MW of reactants

. % yield of product x % AE
Atom efficiency (AE) 27 p100 2 67 and 68 98% 99%
. No. of carbon atoms in product

Carbon efficiency (CE) CE = - 100 67 and 68 100% 100%

>~ No. of carbon atom in product

. . >~ Mass of reactants including solvent
Product mass intensity (PMI) PMI = 67 and 68 1.5 1.02
Mass of Product
. . Mass of product
Reaction mass efficiency (RME) RME = ———————— x 100 67 and 68 66% 98.9%
>~ mass of reactants
Table 2 ROP of e-CL by salt”
[o}
Catalyst
(o]
1 ( ) ©\, {TH\ }J( H\/OH
Cat Monomer Time Temp. TOF My theo” M, exp®

Entry Cat:M  (molL™')  (molL7™) (h) (°C) Conv.”  vield® TONY (h')°  (kDa) (kDa) PDI
1 1:100 0.006 0.64 2 60 37.6 21 20.7 10.3 4.4 3.1 1.6
2 1:100 0.006 0.64 4 60 58.8 48 47.3 11.8 6.8 5.9 1.4
3 1:100 0.006 0.64 6 60 79.9 81 79.8 13.3 9.2 8.8 1.3
4 1:100 0.006 0.64 8 60 98.3 99 97.5 12.2 11.3 11.0 1.1
5 1:200 0.006 1.28 8 60 98.1 99 198 24.8 22.5 21.9 1.1
6 1:300 0.006 1.95 8 60 97.8 98 294 36.8 33.6 33.1 1.2
7 1:400 0.006 2.6 8 60 96.7 97 388 48.5 44.3 43.5 1.2
8 1:500 0.006 3.25 8 60 95.5 96 480 60 54.6 51.6 1.4
9 0:100 0 0.64 8 60 0 0 — — —
10" 1:100 0.006 0.64 8 60 22.5 14 13.7 1.7 Nd nd nd

“In toluene, [catalyst] = 0.026 mmol. ®
obtained/weight of the monomer used) x 100. ¢ TON =

Conversmns were determined by crude mixture "H NMR spectroscopy. ¢ Yield = (weight of the polymer
[(mol epoxide/mol catalyst) x isolated polymer yield (%)]. ¢

TOF = TON/time (h).” My, (theo) =

molecular weight of chain-end + 114 gmol™ x (salt: M) x conversion. ¢ In THF (2 mg mL™") and molecular weights were determined by GPC-LLS
(flow rate = 0.5 mL min~"). Universal calibration was carried out w1th polystyrene standards, laser light scattering detector data, and a concen-

tration detector. Each experiment is duplicated to ensure precision.

PCLs with precisely controlled molecular weights. Effective utiliz-
ation of the catalytic species at the molecular level was con-
firmed for all reactions by their high turnover number (TON =
97 to 488). The GPC analysis confirmed a narrow molecular
weight distribution (PDI = 1.1 to 1.4), indicating side reactions;
for example, the transesterification, which became more predo-
minant at high temperatures and low monomer concentrations,
is restricted. As shown in Fig. FS9 in the ESI,T the average mole-
cular weight (M,) obtained for the polymers showed a linear

This journal is © The Royal Society of Chemistry 2025

"In THF as the solvent.

dependency on the monomer-to-catalyst ratio, indicating the
single-site, living behavior of the catalytic species. The influence
of solvent on the polymerization was also examined (Table 2).
Good control of the polymerization was observed in toluene.
Polymerization in the presence of THF as a solvent was extremely
sluggish, where a conversion of up to 22.5 percent could be
obtained in 8 hours (Table 2, entry 10). The competitive inter-
actions of THF with the catalyst molecule could cause a sluggish
reaction in the presence of the THF solvent.

Green Chem., 2025, 27, 527-534 | 529
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Fig. 2 DSC and TGA curves of PCL samples (entry 4, Table 1).

Differential scanning calorimetry (DSC) and thermo-
gravimetric analysis (TGA) have often been helpful to gain
valuable structural insights into PCL and determine its purity
and stability. The DSC thermogram of a representative
polymer (Table 2, entry 4) showed the glass transition tempera-
ture (Ty) to be —58.06 °C and the melting temperature (T},) to
be 58.01 °C, which is typical behavior of conventional pure
PCL (Fig. 2). Under a nitrogen atmosphere, the TGA curve of
the PCL sample displayed a one-step degradation, a single
weight loss phenomenon, corresponding to pyrolysis of pure
commercial grade PCL.”® The initiation of degradation was
found to occur at 365.5 °C, and the final degradation tempera-
ture (T¢) was 428.5 °C with a maximum decomposition peak at
410.2 °C (Tpay) (Fig. 2).

Having established the catalytic activity of 1 in ROP of e-CL,
we further investigated the polymerization behavior to under-
stand the kinetics. The kinetic plots of [CL],/[CL] versus the
catalyst (1) were found to be linear, indicating first-order
dependence on the e-CL concentration (Fig. FS3 in the ESIf).
The first-order dependence of the polymerization reactions
substantiates the presence of only one initiator and, conse-
quently, follows the second-order rate law, which can be
expressed as rate = —d[CL)/d¢ = kp[cat]'[CL]'. The activation
parameters for the ROP of e-CL in CDCI, were found to be AH*
=10.8 k] mol™* K, AS* = —0.14 kJ (mol K)™%, and AE,* = 13.5 k]
mol™. The AG* value for the ROP of e-CL catalyzed by 1 at
60 °C was calculated to be 57.4 k] mol™.

Therefore, the rate expression can be summarized as

~d[CL]/dt = kypp[Salt]'[CL]" (1)

—d[CL)/dt = kops[CL]" (2)

where kops = kapp[Salt]".

The mechanism for cyclic ester ROP of various organo-
catalysts has been extensively investigated.”*®® Our NMR
results demonstrate the presence of the benzyl ester end group
in the polymer chain when benzyl alcohol is used as a quench-
ing agent, indicating that the ring-opening of e-CL takes place
through cleavage of the C(acyl)-O bond (Fig. FS10 in ESIf).
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Fig. 3 'H NMR spectra of complex formed in situ in the mixture of salt
1 and e-CL in DMSO.

From the "H NMR spectra of a 1: 10 catalyst to CL mixture, the
resonance signals of CH; (1), CH, (2), and CH, (3) were noted
to be deshielded to slightly higher chemical shift positions. In
contrast, the other two signals corresponding to CH; (6) and
CH, (5) remained unchanged (Fig. 3).

The observed deshielding of these specific sets of CH; and
CH, protons is significant and caused by C-H---O hydrogen
bonding with the carbonyl group of the e-CL monomer. The
chemical shift of CH, (4) could not be determined due to its
overlap with other CH signals from active polymer chains.
Inspired by the above observation, we anticipated that the
methyl/methylene groups directly attached to quaternary
ammonium groups are involved in CHj---O=C type inter-
actions with the carbonyl group of the e-CL monomer. The for-
mation of such non-covalent interactions in a similar system
containing quaternary ammonium salt and a cyclic ester is
also reported in the literature.’® These non-covalent inter-
actions increase the electrophilicity of the e-CL monomer and
it subsequently becomes susceptible to nucleophilic attack.
The bromide anion, which remains as an ion pair close to the
quaternary ammonium group, is considered to initiate the
polymerization by the nucleophilic attack on the carbonyl-
carbon of e-CL followed by acyl-oxygen bond scission. This
leads to the formation of an acyl bromide at one end of the
polymer chain and active oxyanion species at the other end,
which reacts with the second monomer for further propa-
gation. Upon adding a quenching agent such as BnOH, the
ester is formed as one of the end groups by nucleophilic dis-
placement of the bromide anion from the acyl bromide.
Hence, the proposed activation mechanism for e-CL ring
opening catalyzed by (DBTMEDA)Br, is shown in Fig. 4.

DFT studies of the ROP process

Previously, the role of CH:--O=C interactions between an
imidazole salt and cyclic esters has been substantiated compu-
tationally for the ROP of cyclic esters.”® We have carried out

This journal is © The Royal Society of Chemistry 2025
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geometry optimization at the B3LYP/6-31G**°°7* levels on
mixtures of e-CL and a cationic catalyst in the absence of the
counter ion. Here, we have analyzed two possible mixtures of
e-CL and a cationic catalyst, which possess different orien-
tations of these species (A and B). Although these calculations
are not directly related to the experimental observation of the
ROP, the number of possible interactions present in the DFT-
optimized mixtures can directly relate to the activation of e-CL.
In species A, we have observed that the O atom (C=O0) of e-CL
is involved in the hydrogen bonding interactions with quatern-
ary ammonium dicationic salt, where we observed one strong
hydrogen bond (01-H1) = 1.98 A and three additional weak
interactions, i.e. (O1-H2 = 3.08 A, O1-H3 = 2.33 A, and O1-H4
= 2.46 A Fig. 5a). In contrast, we do not observe any possible
hydrogen bonding interaction in species B, which is optimized
by keeping e-CL and quaternary ammonium dicationic salt
side by side. Next, we analyzed the hydrogen bonding inter-
action using the non-covalent interaction (NCI) plot in A and
B, where high-density NCI regions represent the hydrogen
bonds while the weak interactions extend over large regions of
intermolecular contacts (Fig. 5b). In species A, we observed
round, highly localized blue color NCI’>”® domains in the
region where oxygen and hydrogen interact (O1—H1), followed
by a vastly scattered region representing weak van der Waals
interactions between O1-H2, O1-H3, and O1-H4. In species A,
the partial charges on the hydrogen atoms involved in
H-bonds ranged from +0.25 to +0.29 au, while a large positive

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

a) 3D structures b) NCI surfaces

3¢
V4
/Q
1 A HeoT L
: v’i\ a m
v P 22

Strong repulsions

Strong interaction

Hydrogen bond

s' 0.,.
) , /,,..{

Fig. 5 (a) Molecular modelling of complexes between the cationic
catalyst and e-CL in different orientations of these species (A and B) (b)
NCI surfaces (iso value = 0.5). Color code: C (black), O (red), H (grey),
and N (blue).

charge of +0.82 au on the C atom of the (C=0) of &-CL indi-
cates higher electrophilicity.

On the other hand, the NCI plot of species B does not reveal
any hydrogen bonding interaction, which agrees with the struc-
tural topology. In addition, we have performed energy decompo-
sition analysis (EDA)’* on species A and B by fragmenting them
in quarternary ammonium dicationic salt and e-CL (see the ESIT
for details). The total intermolecular interaction computed total
interaction energies (AEi,) are —38.3 and —31.1 kcal mol ™" for
species A and B, respectively, indicating that the former species is
stabilized by ~7 kcal mol™ compared to species B. The decom-
posed energy shows that the significant contribution emerges
from electrostatic interactions, followed by Pauli (repulsive in
nature) and orbital interactions. Due to hydrogen bonding inter-
actions, we observed relatively higher electrostatic and orbital
interaction energies in species A than in species B. The steric
repulsion (Pauli) is relatively large in species A, due to the large
number of protons close to e-CL. Moreover, the dispersion inter-
actions are more robust in species A than in species B.

The recyclability and reusability features of the catalyst were
also assessed in terms of its possible application in the indus-
try. It was studied for the ROP of e-CL (100 equivalent) under
the standard reaction conditions (Table 3). After the polymeriz-
ation (8 h), the entire reaction mixture was added dropwise to
water, where PCL was precipitated as a solid, and the catalyst
was dissolved in water. The polymer was then isolated from
water by a simple filtration technique. The filtrate containing
the catalyst was evaporated to recover and reuse the catalyst for

Table 3 Recyclability and reusability of N,N’-dibutyl-N,N,N’, N’-tetra-
methylethane-1,2-diammonium bromide in the ROP of e-CL?

# of cycles 1 2 3 4 5 6

Conv? (%) 98 97.7 97.8 97.0 97.2 97.1
Mpexp © (kDa) 11.0 11.2 11.2 10.9 11.3 11.1
PDI’ 1.1 1.3 1.3 1.3 1.3 1.2

Reactlon conditions: 60 °C, toluene (solvent), 8 h, [M]/[cat], = 100: 1.
b Determined by 'H NMR. Determlned by GPC.

Green Chem., 2025, 27, 527-534 | 531
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Fig. 6 (a) Recycling studies of N,N’-dibutyl-N,N,N',N'-tetramethyl-
ethane-1,2-diammonium bromide as the catalyst for the ROP of ¢-CL
and (b) *H NMR spectra of the catalyst after 6th cycle.

the next cycle. The process was repeated for up to five cycles
while keeping the initial catalyst-to-monomer ratio at 1:100,
and the results are summarized in Table 3 and Fig. 6.
Remarkably, about 95% of the used catalyst could be recovered
in the first cycle and reused up to six successive cycles of reac-
tion without substantial loss in catalytic efficiency (Table TS3
in the ESIt). The gradual drop in catalyst recovery in the sub-
sequent cycles is considered mainly due to the difficulty
associated with handling of smaller mass of the catalyst in the
lab setup. The solvent recovery study carried out using a
higher-scaled reaction (~10x) indicated about 95% recovery of
toluene after the reaction (Table TS2 in the ESIT).

The catalytic performance of the supported organocatalysts
generally shows a noticeable drop after a few cycles because of
their intrinsic defects, such as the loss of attached organo-
catalysts from the supports or the mass transfer of the reac-
tants to the supports.”>’® However, the polymerization was
under outstanding control in the present case, affording PCL
with the expected molecular weight and narrow dispersity in
each cycle (Table 3). To further substantiate the result, the
recycled catalyst obtained after the 6th cycle was analyzed by
'H NMR (Fig. 6b) and the spectra revealed no change before
and after the recyclability experiment, indicating that the cata-
lyst remains reasonably stable even after six cycles.

Conclusions

In summary, N,N'-dibutyl-N,N,N',N'-tetramethylethane-1,2-dia-
mmonium bromide was investigated to exhibit its catalytic per-
formance in the ROP of e-CL at 60 °C. Efficient ROP was
demonstrated with very good control over the polymerization
without an external initiator. To the best of our knowledge,
this is the first report on organocatalyzed cyclic ester ROP
accomplished without using an external initiator. Various well-
defined PCLs with precisely controlled M, were successfully
synthesized and characterized with NMR, GPC, TGA, and DSC.
The fact that the catalyst can be easily recovered and reused
without the loss of catalytic activity makes this catalyst an
attractive recyclable organocatalyst for preparing bio-
degradable polyesters, avoiding the tedious and uneconomical
heterogeneous catalyst fabrication process.
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