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Oxidative NHC Catalysis: An Unconventional Tool for
Macrocyclic Oligoesters Synthesis

Marco Bottin,” Graziano Di Carmine,” Olga Bortolini,”’ Carmela De Risi,”» Monica Bertoldo,”
Tommaso R. I. Cataldi,” Cosima D. Calvano,” Alessandro Massi,””’ and Daniele Ragno*®

Abstract: The application of N-heterocyclic carbene (NHCQ)
catalysis under highly diluted oxidative condition to the
polycondensation of dialdehydes and diols is herein pre-
sented as an alternative, atom-economical synthetic route to
macrocyclic oligoesters (MCOs). The disclosed protocol paves
the way to the straightforward access to MCOs, starting from
commercial dialdehydes, avoiding the use of toxic diacyl
chlorides, commonly employed in traditional MCOs synthetic
processes. The method is totally metal-free, takes place in the
green Me-THF solvent and requires the use of a fully
recyclable quinone oxidant. The protocol versatility is con-
firmed by the employment of fossil-based and bio-based

monomers such as  2,5-diformylfuran  (DFF), 2,5-
bis(hydroxymethyl)furan (BHMF), and isomannide, synthesiz-
ing a series of novel and known synthetically relevant
macrocyclic oligoesters, fully characterized by NMR and
MALDI-TOF MS analysis, with product yields (51-86%)
comparable to those obtained by traditional synthetic routes.
Finally, to emphasize the synthetic relevance of the target
macrocycles, an entropically-driven ring opening polymer-
ization (ED-ROP) key study has been performed, optimizing
the organocatalyzed synthesis of poly(2,5-furan-dimethylene
2,5 furandicarboxylate) (PBHMF) with number-average molec-
ular weight up to 8200 g mol™" and 66 % isolated yield.

Introduction

Due to their remarkable qualities and extensive range of uses,
from packaging to smart materials, clothing, and electronics,
linear polyesters (PEs) are now recognized as one of the major
classes of polymers.! Commercial polyesters widely used in our
everyday life like poly(ethylene terephthalate) (PET),
poly(butylene terephthalate) (PBT) and poly(butylene succinate)
(PBS), are mainly constituted by petrochemical monomers. Main
critical issues related to the massive production and consump-
tion of fossil-based polyesters are the depletion of crude oil
resources and environmental concerns related to their frequent
low levels of biodegradability. In addition, traditional polymer-
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ization strategies often require harsh reaction conditions, metal
catalysts, with production of undesired by-products that need
to be removed from the reaction mixtures. Therefore, in order
to solve these issues and provide practical answers, the
scientific community has recently driven extensive research on
polymers from renewable feedstocks and greener polymer-
ization strategies.”

In this respect, bio-based polyesters, derived from raw
biomass represent the future” As environmentally friendly
substitutes for industrial PEs made from terephthalic acid,
polyfuranoates™ attracted the interest of both academia and
industry. Indeed, thanks to their advantageous mechanical and
barrier qualities, recyclable nature, and integration into a
circular economy, poly(ethylene furanoate) (PEF)® and
poly(butylene furanoate) (PBF)"® will be soon produced on a
wide scale.

From the synthetic point of view, common strategies for the
production of PEs are the step-growth polymerization of
hydroxy acids or diol/diacid pairs,” and the ring-opening
polymerization (ROP) of lactones.” Step-growth polymerization
is usually carried out in a two-stage bulk process: a condensa-
tion reaction leading to a prepolymer that is in turn converted
into the final polyester by transesterification, often requiring
high temperatures and low pressures to achieve satisfactory
molecular weights. Differently, the ring-opening of a lactone,
generally promoted by a catalyst/initiator couple, is a chain-
growth polyaddition process that requires less severe reaction
conditions to obtain high molecular weight products. No
volatile by-products have to be removed with improved atom
economy, minimization of side reactions and energy consump-
tion.

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Although several polyesters are still produced on industrial
scale by step-growth polycondensation, ROP processes are
progressively emerging as valuable alternatives, in particular for
the synthesis of renewable polymers.”” Monomers employed in
ring-opening processes can be small-to-medium size cyclic
oligoesters (number of skeletal ring atoms between 3 and 12)
or macrocyclic oligoesters (MCOs, 14 skeletal atoms at least).
Smaller cycles are very reactive in ROP processes, due to ring
strain and the whole process is favoured by enthalpy factors.
Differently, the ROP of MCOs proceeds without enthalpy
exchange and it is mainly driven by entropy. For this reason, it
is commonly called entropy-driven ring opening polymerization
(ED-ROP)."™ Recently ED-ROP strategies have been widely
explored, especially in the synthesis of bio-based polyesters,
starting from macrocyclic oligoesters derived from renewable
resources."”

Currently adopted strategies for MCOs synthesis are cyclo-
depolymerizations (CDPs),"? high dilution and pseudo-high
dilution condensation (HDC),"*"'¥ mediated by chemical or
enzymatic species (Figure 1).

The former method, first studied by Carothers and co-
workers,"¥ allows the synthesis of MCOs through the depolyme-
rization of the corresponding linear polyester, leading to the
preferential formation of cycles if they are continuously
removed from the reaction mixture by high vacuum distillation
or under high dilution conditions. On the other hand, high
dilution condensation (HDC) and pseudo-HDC, originally re-
ported by Brunelle group,™ rely on the cyclization of the
starting monomers under optimal diluted conditions that,
according to the Ziegler-Ruggli principle,"® might shift the
reaction equilibrium in favour of cyclization rather than
polymerization. In this respect, highly efficient enzymatic
protocols  for the production of MCOs through
cyclodepolymerization™” and condensation under high dilution
conditions™ were recently reported. With a focus on the
chemical synthesis of MCOs through polycondensation, pio-
neering works were conducted by Brunelle™' in the field of
terephthalic macrocyclic oligoesters such as cyclic ethylene
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Figure 1. Main strategies for the synthesis of macrocyclic oligoesters (MCOs).
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terephthalate and cyclic butylene terephthalate; likewise,
Mufoz-Guerra™ and Morbidelli® groups provided pivotal
contributions on the production of furanic MCOs like cyclic
ethylene 2,5-furandicarboxylate and cyclic butylene 2,5-furandi-
carboxylate. It is important to point out that all these works
share the same synthetic strategy, which consists in the
polycondensation between a diol and a diacid, typically
activated as diacyl chloride. Reactions proceed under pseudo-
high dilution conditions with sterically unhindered amines as
the promoters, affording a mixture of a homologous family of
MCOs constituted by cycles of different size. Notably, the
drawback of this methodology is the use of overstoichiometric
amounts of the amine, also needed to neutralize the HCI
released in the reaction; in this respect, the replacement of acyl
chlorides with different classes of starting substrates could
represent a step-forward, avoiding corrosive and hazardous HCI
production and the employment of overstoichiometric neutral-
izing agents.

Given the emerging role of organocatalysis in polymer
chemistry,”" as part of our ongoing research activities in the
field, we wondered if an organocatalyzed general protocol for
the selective synthesis of MCOs, avoiding the use of toxic diacyl
chlorides, could be developed.

Recently, we described novel general methods for the
synthesis of fossil- and bio-based polyesters®? (Scheme 1, a)
and polyamides™ (Scheme 1, b) promoted by N-heterocyclic
carbenes (NHCs) under oxidative conditions,* starting from
dialdehydes and diols/diamines. The peculiarity of the proposed
methodology relies in the activation under mild reaction
conditions of readily available dialdehydes, through the gen-
eration of highly reactive acyl azolium intermediates, via
Breslow intermediate oxidation, in the presence of an external
oxidant (Scheme 1). As a prosecution of our studies in the field,
in 2022 we described the organocatalyzed synthesis of
poly(hydroxymethylfuroate) (PHMF) via ring-opening polymer-
ization of 5-hydroxymethylfurfural-based cyclic oligoesters®
(Scheme 1, ¢). The synthesis of furanic MCOs was promoted by
NHCs under highly diluted oxidative conditions, allowing the
direct self-condensation of the platform chemical HMF.

According to this scientific background and our previous
experience, in the present study we report the unprecedented
general synthetic protocol for the polycondensation of dialde-
hydes and diols promoted by NHCs under highly diluted
oxidative conditions as an alternative, atom-economical syn-
thetic route to macrocyclic oligoesters (MCOs) (Schemel, d).
After the optimization study, the potential of the disclosed
protocol has been validated by the polycondensation of
common fossil-based and bio-based furanic monomers such as
2,5-diformylfuran (DFF), 2,5-bis(hydroxymethyl)furan (BHMF),
and isomannide. The synthesized macrocycles have been fully
characterized by NMR and MALDI-TOF MS analyses, in order to
gain information on the composition of cycle mixtures. Finally,
to emphasize the synthetic relevance of MCOs, an ED-ROP key
study was selected, optimizing the organocatalyzed synthesis of
poly(2,5-furan-dimethylene 2,5 furandicarboxylate) (PBHMF).
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Scheme 1. NHC-catalyzed oxidative strategy to access: (a) linear polyesters;
(b) linear polyamides; (c) HMF-derived macrocyclic oligoester c(HMF),; (d)
general macrocyclic oligoesters (MCOs), this work.

Results and Discussion

According to our previous studies,”? the polycondensation of
ethylene glycol 1a and terephthalaldehyde 2a was selected as
the benchmark for reaction conditions optimization. Pre-
catalysts A and B were screened in the presence of DBU (1,8-
diazabicyclo[5.4.0]lundec-7-ene) as base, together with different
oxidative systems, solvents and temperatures (Table 1). In order
to test the performance of the reaction system, the first
experiment was performed at room temperature, in the green
solvent 2-methyltetrahydrofuran (Me-THF) under concentrated
conditions (0.7 M in Me-THF), using a stoichiometric ratio of diol
Ta and dialdehyde 2a, pre-catalyst A/DBU couple and the
Kharasch quinone 5 as oxidant. After 16 h, full conversion of
starting material was detected, together with almost quantita-
tive formation of poly(ethylene terephthalate) (PET), which
precipitated from the reaction mixture without formation of
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Table 1. Screening of reaction conditions for the synthesis of cyclic
oligoester 3aa (c(ET),).”’

[e] o
[e] : [e]
(o]
22 NHCHX (5 mol%) 3aa (¢(ET),)
DBU (12.5 mol%) N
HO/\/OH $ Oxidant (mol%
1 Anhydrous Me-THF, Q Ox
a Time, RT, degas (Ar) o]
\O o]
2a 4aa n
+
PET
______________________________________________________ 5
t-Bu t-Bu
(s ()
BF,
=N
@/ ,© N 1@ F |
N’ N \=N
> F
\ F
F t-Bu t-Bu
F [¢]
A 5

OH
t-Bu t-Bu
® '
AN
v O
® )
t-Bu t-Bu
OH

Entry NHCX Ox. (mol%) t(h) Conv. %)™ 3aa (%)< PET (%)

1 A 5 (100) 16 >95 - 82
2 A 5 (100) 16 >95 34 52
3 A 5 (100) 3 >95 64 23
4t A 5 (100) 3 >95 23 49
59 A 5 (100) 3 >95 26 42
6™ A 5 (100) 3 >95 48 30
7 B 5 (100) 3 >95 - 54
8 A Air, 5/6" 16 34 1 20
9 A 7 (100) 4 74 33 28
10U A 5 (100) 2 70 18 44
118 A 5 (100) 16 70 1 52
120 B 5 (100) 16 42 10 24

[a] Conditions: 1a (0.40 mmol), 2a (0.40 mmol), NHCHX (0.04 mmol), DBU
(0.10 mmol), Me-THF (30.0 mL); mol% are referred to reactive functional
groups. [b] Detected by TH NMR of the crude reaction mixture (durene as
internal standard). [c] Isolated yield after flash chromatography. [d]
Isolated yield after trituration of the raw reaction mixture with CPME. [e]
Me-THF (6.0 mL). [f] Anhydrous DCM as solvent. [g] T=0°C. [h] Me-THF
(60.0 mL). [i] 5 (5mol%), 6 (2.5 mol%). [jl 1a and 2a (0.4 mmol in 2 mL
Me-THF) were added dropwise simultaneously to the reaction mixture
over 1 h.

linear oligomers 4aa and the desired cyclic species 3aa (c(ET),,
entry 1).

According to the Ziegler-Ruggli principle,”® next experi-
ments were carried out at lower concentration of reactants to
maximize the rate of intramolecular reactions and favour the
formation of cyclic over linear oligomers. Gratifyingly, dilution
of the reaction mixture to 0.013 M in Me-THF allowed the
synthesis of the target macrocycle 3aa in 34% isolated yield

[e]
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after 16 h (entry 2). The reduction of reaction time to 3h
(entry 3) revealed to be crucial for reaction selectivity, reducing
PET formation (23 %) and favouring 3 aa production (64 % yield).
This behaviour was rationalized considering that NHCs are
efficient ROP catalysts and transesterification agents.”® Hence,
reaction time control became crucial because prolonged
reaction time could cause ring opening of the cyclic species
3aa with formation of linear undesired products. Solvent
change to dichloromethane and temperature reduction (0°C)
had a negative outcome on reaction selectivity (entries 4 and
5), leading to higher amounts of the undesired linear polymer.
Further dilution of the reaction mixture (0.006 M, entry 6) led to
modest results without improving the best selectivity achieved
under 0.013 M conditions (entry 3). At this stage, the pyrroli-
dine-based pentafluorophenyl pre-catalyst B was screened
under the optimal reaction conditions. In our previous
contribution,”? azolium salt B allowed for fine tuning the
selectivity in the synthesis of linear versus cross-linked poly-
glycerols; therefore, we wondered if B could play a key role in
the preferential formation of cycles 3aa as well. Unfortunately,
after full starting material conversion (3 h), MCOs 3 aa were not
detected (entry 7). Subsequently, the use of air as the terminal
oxidant was evaluated by applying the biomimetic system of
electron-transfer mediators (ETMs) developed by Backvall*” and
Sundén™ groups (entry 8). This strategy relies on the use of
catalytic quinone 5 (5mol%), which is reduced to the
corresponding diol 5’ during acyl azolium formation; reoxida-
tion of 5’ by atmospheric oxygen in the presence of catalytic
iron(ll) phthalocyanine 6 (2.5 mol%) finally restores the active
oxidant 5. After 16 h only a poor 34% conversion of starting
material was detected, probably due to slow reaction kinetics
working with catalytic oxidant, with unsatisfactory selectivity
towards MCOs 3aa. The last oxidative species screened was
phenazine 7, without substantial improvements in terms of
substrate conversion and cycles yield (entry 9). Finally, the
pseudo-high dilution protocol developed by Brunelle™ and co-
workers was considered, in order to enhance intramolecular
over intermolecular reactivity. By slowly adding streams of both
monomers with the same rate, high dilution levels of reaction
intermediates are achieved, allowing the accumulation of high-
er concentrations of MCOs compared to regular high dilution
conditions. Accordingly, 1a and 2a were simultaneously added
dropwise at the same rate to the reaction mixture over 1 h, in
order to maintain the reagents equimolarity in the reaction
mixture, leading to 70% monomer conversion after 2 h with
poor selectivity (entry 10). Moreover, the effect of reaction time
extension to 16 h was negligible on the reaction outcome,
without substrate conversion and selectivity increases (en-
try 11). Finally, as it could be expected, screening of pre-catalyst
B under the pseudo-high dilution conditions revealed to be
inefficient (entry 12). In the light of these results, the best
reaction conditions were found in entry 3, with satisfactory 3aa
isolated yield (64 %), with short reaction time (3 h), employing
stoichiometric oxidant 5 and catalytic pre-catalyst A/DBU
couple. Considering process sustainability, it is important to
underline that quantitative recycle of quinone 5 and Me-THF
solvent were studied. In details, the reaction mixture was
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concentrated to recover Me-THF and the resulting solid residue
was triturated with cyclopentyl methyl ether (CPME) allowing
removal of the insoluble PET through filtration. After column
chromatography of the filtrate, alcohol 5’ was quantitatively re-
oxidized to quinone 5 with air in the presence of catalytic
phthalocyanine 6 (for details see the Experimental Section).

Once established the best reaction conditions, the scope of
the oxidative polycondensation of diols 1 with fossil-based
dialdehydes 2a-b affording MCOs 3 was studied (Table 2). Of
note, MCOs 3 were obtained as a mixture of macrocycles with
different size, whose composition was investigated through
MALDI-TOF MS analysis (see the Supporting Information).
Actually, the use of a mixture of MCOs in place of a pure cycle
revealed to be beneficial in several ED-ROP processes due to
the lower melting points, lower viscosities, and higher solubil-
ities of the polymerization mixtures."®™ As general remark, it is
important to emphasize that most of the synthetized macro-
cycles 3 are key and valuable intermediates for the synthesis of
the corresponding high molecular weight polymers or copoly-
mers through ring-opening polymerization processes. More-
over, the reported yields concern macrocycles 3 and linear
oligoesters 4 isolated by chromatography, while insoluble
polyesters were removed from the reaction mixture by filtration
during workup procedures.

As shown in the reaction optimization section, the straight-
forward access to cyclic ethylene terephthalate (3aa, c(ET),)
was achieved with satisfactory 64 % yield (entry 1). MALDI mass
spectrum of 3aa exhibited the occurrence of various cyclic
oligomers (from n=2 to n=7) separated by a fixed monomer
unit of 192.0 Da (Figure 2). As can be noticed, alongside the
protonated species of each oligomer also sodiated and
potassiated adducts are observed due to the great affinity of
ester residues for both ions. For instance, the oligomer with n=
6 is observed as a triplet at m/z 1153.261, 1175.243 and
1191.217 referred respectively to [M+H]*, [M+Na]"™ and [M+
KI* adducts. Analogously, all the synthetized macrocycles have

A=192Da
a * _—
= 100 1 - n=7
— n=5 BTe
+ el
8 801 . ) 2
[ g‘ S b
T 60 - x 0z = B
=] E M~ 2
'2 40 b gdy S
) Pk
H 20 4 gs o - l/ E\/._.
& S =
g, Ll el b &l

600 800 1000 1200 1400

m/z

Figure 2. Zoom of MALDI-TOF mass spectrum (500-1500 m/z) in positive
reflector ion mode of compound 3 aa, c(ET),. Peaks marked with an asterisk
are referred to the dithranol matrix-related ions. For full spectra see the
Supporting Information.
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Table 2. Scope of the oxidative polycondensation of diols 1 and fossil-based dialdehydes 2a-b for the synthesis of cyclic oligoesters 3.

o)
A (5 mol%) W
DBU (12.5 mol%) o S 5 o
o o 5 (1 equiv.) Q ¢
Q. N —— + Q.
HO™"OH  y H  Anhydrous Me-THF ! 0 o™o
RT, degas (Ar) n- n
1 2 o 3 4
Entry Diol Dialdehyde Cyclic oligoester Cyclic oligoester i 4 (gqyp1  Cyolic oligoester Linear oligoester
acronym composition(©! Yield (%)M
0 0
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[a] 1 (0.40 mmol), 2 (0.40 mmol), A (0.04 mmol), DBU (0.10 mmol), 5 (0.80 mmol), Me-THF (30.0 mL); mol % are referred to reactive functional groups. [b]

Isolated yield after flash chromatography. [c] Detected by MALDI-TOF MS analysis.
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been characterized and the relevant MALDI spectra are reported
in the Supporting Information.

Notably, c(ET), were efficiently employed by MacKnight!
and Burch®® for the synthesis of high performance PET
composites. Next, cyclic butylene terephthalate (3ba, ¢(BT),)
was prepared with 53% vyield (entry2, n=2 to 9). Initially
synthetized by Brunelle and co-workers through sterically
unhindered amine promotion,"*'¥ ¢(BT), has been efficiently
employed for high molecular PBT®" and PBT copolymers"®*?
production. The scope of reaction was next extended to bio-
based diols. First, 2,5-bis(hydroxymethyl)furan (BHMF) 1¢,®¥ a
HMF-derived diol commonly employed in the production of
polyesters and polyurethanes,®*¥ was reacted with terephthalal-
dehyde 2 a, affording the novel macrocycle 3 ca (c(BHMT),) with
51% yield as a mixture of different size macrocycles from
dimers to hexamers (entry 3). Isomannide (IM), a bio-based
bicyclic diol belonging to the isohexide family, was then
condensed with 2a, allowing the straightforward synthesis of
previously undisclosed 3da (c(IT),) (n=2, 3) with 54% yield,
together with linear oligoester 4da which was isolated with
25% vyield (entry 4). In this respect, isomannide was selected
over its widely studied isomer isosorbide,*” because the latter
showed enhanced preference for linear products."*? Next, cyclic
isophthalate oligomers were readily obtained by the optimized
protocol starting from diols 1a-d and isomeric isophthalalde-
hyde 2b. Coupling of ethylene glycol (EG)

1a with 2b afforded, for the first time, the corresponding
macrocycle 3ab (c(El),) with almost quantitative yield (86%, n=
2 to 11, entry 5), together with traces of the corresponding
linear oligomer 4ab (6%). Switch to butanediol 1b led to the
production of 3bb (c(Bl),) (51% vyield, n=2 to 10, entry 6), a
valuable macrocycle recently employed by Mufoz-Guerra and
co-workers in the synthesis of poly(butylene 2,5-furandicarbox-
ylate-co-isophthalate) copolyesters.”® In addition, linear oli-
goester 4bb was isolated as by-product with 30% yield. Finally,
the employment of BHMF and IM afforded respectively the
unprecedented macrocycles 3cb (c¢(BHMI),) (63%, n=2 to 7,
entry 7) and 3db (c(ll),) (54%, n=2, entry 8) together with the
corresponding linear species 4db (27 %).

The scope of the oxidative polycondensation was also
extended to the bio-based dialdehyde 2c (Table 3), confirming
the versatility of the novel synthetic protocol, which allows
satisfactory substrate variability, paving the way to the
production of novel MCOs. In this regard, cellulose-derived
dialdehyde 2 c (DFF) was selected as model bio-based substrate,
in light of the emerging role of furan-based polymers.’”!
Coupling of DFF with diol 1a under the optimized conditions
afforded the furanic macrocycle 3ac (c(EF),), only as dimer (n=
2), with 64% vyield (entry 1). Pivotal work from Morbidelli
group® clearly highlights the synthetic relevance of this
macrocycle, used as key intermediate in the synthesis of bottle-
grade polyethylene furanoate (PEF), an innovative alternative to
PET with attractive mechanical and barrier properties.”™ Cyclic
ethylene 2,5-furandicarboxylate 3ac was also synthetized and
reacted in a subsequent ROP process by Mufioz-Guerra group,
for the efficient production of high molecular weight PEF.'™
Substitution of ethylene glycol with butanediol 1b afforded

29]
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cyclic butylene 2,5-furandicarboxylate (3bc, ¢(BF),) with 62%
yield as a mixture ranging from dimers to nonamers (entry 2),
together with traces (5%) of the corresponding linear counter-
part 4bc. Notably, c(BF), was recently employed in ROP
processes for the synthesis of polybutylene furanoate
(PBF)™=%  and  copolyesters  with  isomannide,*
terephthalate,"™ isophthalate® and succinate"® units. At this
stage of the study, the unprecedented fully furan-based macro-
cycle 3cc (c(BHMF),) was prepared, starting from HMF-derived
monomers BHMF and DFF (54 % yield, n=2 to 6, entry 3). This
macrocycle represents a valuable key intermediate for the
synthesis of poly(2,5-furan-dimethylene 2,5 furandicarboxylate)
(PBHMF),*® a promising polyester derived from cellulose.
Finally, isomannide 1a was condensed with furanic dialdehyde
2c (entry 4) leading to 3dc (c(IF),) (58% yield, n=2 to 3) and
linear oligoester 4dc (25 % yield). The scientific relevance of this
macrocycle was confirmed by its recent employment in ring
opening processes for the synthesis of isomannide-containing
poly(butylene 2,5-furandicarboxylate) copolyesters.™

As proof of concept, at this stage of the study, we focused
our attention on 3cc, an unprecedented synthesized macro-
cyclic ester, which could serve as key intermediate for the
synthesis of PBHMF. This fully bio-based polyester was first
synthesized by Gandini and co-workers in 2011,%¥ through
interfacial polycondensation reaction between BHMF and 2,5-
furandicarboxylic dichloride and later, in 2019, by our group
through NHC oxidative catalysis starting from dialdehyde 2c¢
(DFF) and the same diol.”” Thus, we wondered if the same
polymer could be obtained via ring opening polymerization
process of 3cc (c(BHMF),), in an organocatalytic fashion. In this
direction, the thermal stability of c¢(BHMF), was evaluated
through thermal gravimetric analysis (TGA), in order to find the
suitable working temperature range for the ED-ROP process.
TGA analysis showed the degradation in nitrogen atmosphere
to start at 201°C (see the Supporting Information), thus
suggesting a temperature of 170-180°C as maximum for
conducting the polymerization.

Inspired by our recent work on poly(hydroxymethylfuroate)
(PHMF) production,®' different conditions were screened for
the entropy-driven ring opening polymerization process (ED-
ROP) (Table 4). Hence, triazabicyclodecene (TBD)/n-octanol®'*!
was employed as catalyst/initiator couple, together with
commercial antioxidants Irganox 1010 and Irgafos 126, in order
to suppress undesired oxidative radical degradation
processes.?” Reactions were performed under Ar atmosphere in
bulk at 160°C, according to (c(BHMF),) TGA data, previous
observations on thermal stability of HMF-derived macrocyclic
species” and to the well-known thermal instability of the
furanic methylene groups under acidic and/or oxidative con-
ditions resulting in polymer discoloration and resinification."”

First, reaction was performed with 0.5 mol% of TBD and
0.5 mol% of n-octanol, affording, after 5 h, 60% conversion of
starting c(BHMF),, and production of a black polymer which was
insoluble in all the main organic solvents commonly used for
polymers solubilization (entry 1). According to literature, black-
ening of furanic polymers is often related to undesired radical
processes, leading to highly cross-linked structure.“” In order to
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Table 3. Scope of the oxidative polycondensation of diols 1 and the bio-based dialdehyde 2 ¢ for the synthesis of cyclic oligoesters 3.
o o]
A (5 mol%) OWO
DBU (12.5 mol%)
o o 5 (1 equiv.) Q §) o o
Qg * o 3 * Q.
HO™"OH H  Anhydrous Me-THF o7 o
RT, degas (Ar) n-1 n
o o
1 2 3 4
Entry Diol Dialdehyde Cyclic oligoester Cyclic oligoester yiqy (o4)ibl Cyclic oligoester ~ Linear oligoester
acronym composition[©] Yield (%)
o QR
! o o
1 OH N /o ¢(EF), 64 n=2
Ho/\/ | ) = O g S n
S, =
1a 2¢ (DFF) o o
[¢] j— n-10
3ac
o] o
o o)
6 o of T\ oTy
2 Mo~ ~on | o M\ o (BF), 62 n=2-9 4bc (5)
o
1b 2c (DFF) o] o)
3bc
o] o
o
7 oo N\ /J o
HO o) o _ S
3 72 | ) Y o O __|  c@HMF), 54 n=2-6
OH =
P
(o]
1c (BHMF) 2c (DFF)
o
o)
HO 4 7 o
v o) o) o] H
4 5 | / J % c(IF), 58 n=2-3 4dc (25)
H OH H O\
1d (IM) 2c (DFF) [¢)
(o]
[a] 1 (0.40 mmol), 2 (0.40 mmol), A (0.04 mmol), DBU (0.10 mmol), 5 (0.80 mmol), Me-THF (30.0 mL); mol % are referred to reactive functional groups. [b]
Isolated yield after flash chromatography. [c] Detected by MALDI-TOF MS analysis.

suppress this competitive reaction pathway, catalyst and
initiator loadings were increased (1 mol %, entry 2), leading to a
black polymer (12 mol% vyield) which resulted to be partially
soluble in a solution of CDCl;:;TFA=1:1, suitable for NMR
analysis and NMR number-average molecular weight calculation
(M,_3200 g mol™). The structure of PBHMF was confirmed by
NMR spectroscopy (see the Supporting Information), while the
M, values reported in Table 4 were obtained from the integral
ratios of peaks corresponding to the repeating (furan-2-yl)meth-
ylene and terminal hydroxymethyl groups (5.35 and 4.57 ppm,
respectively). Gratifyingly, further catalyst/initiator increase (2%
mol, entry 3) was responsible for the production of PBHMF as a
brownish solid, fully soluble in CDCI;:;TFA=1:1, with substantial
yield (66%) and M, improvements (8200 gmol™'). Finally,
increase of TBD/n-octanol to 5 mol% (entry 4) led to good yield
(74%) with a lower value of chain length (M,=4100 gmol™");
this result well agrees with a polymerization process occurring
by ring opening polymerization under almost living conditions.
Indeed, by assuming the yield as monomer conversion, based
on the increased amount of the initiator from entry 3 to entry 4

Chem. Eur. J. 2023, 29, €202301416 (7 of 10)

the expected M, for entry 4 would be 3700 Da, thus a value
reasonably closed to the observed one. Hence, conditions of
entry 3 were selected as the most performing, achieving the
production of PBHMF for the first time via ED-ROP process,
starting from macrocycles 3cc (c(BHMF),), with satisfactory
levels of yield and chain length, higher than those obtained by
Gandini (60% yield, M,=3880gmol™") and comparable to
those achieved later by our group (78% yield, M,=
7800 gmol™") through step-growth polycondensations.

Conclusions

In summary, we have described the unprecedented synthesis of
macrocyclic oligoesters (MCOs) starting from diols and dialde-
hydes, mediated by an N-heterocyclic carbene (NHC) catalyst
under high dilution oxidative conditions. The disclosed method
allows straightforward access to MCOs starting from commercial
dialdehydes, without the need of previous substrate activations,
thus avoiding the use of toxic acyl chlorides. From the

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Table 4. Optimization study for the synthesis of PBHMF through organo-
catalyzed ED-ROP of ¢(BHMF), 3 cc.”!

B s
T

TBD (mol%)
n-octanol (mol%)
Ar, T=160°C, 5 h

Entry TBD:n-octanol Conv" Yield" M. (g/ Color
(mol %) (%) (%) mol)

1 0.5:0.5 60 - - Black

2 1:1 71 12 3200 Black

3 2:2 75 66 8200 Brownish

4 5:5 88 74 4100 Brownish

[a] ¢(BHMF), (100 mg, 0.4 mmol of repeating units), Irganox 1010 (0.1%
w/w), Irgafos 126 (0.3% w/w), Ar atmosphere, T=160°C, 5h. [b]
Calculated from recovered ¢(BHMF),. [c] Isolated yield. [d] Determined by
"H NMR (CDCl;: TFA=1:1).

sustainability point of view, the process is totally metal-free,
takes place in the green (recyclable) Me-THF solvent and the
use of stoichiometric amounts of a quinone oxidant is well
tolerated thanks to its quantitative recovery and recycle. Macro-
cycle structures were confirmed by NMR and cycles size were
elucidated by MALDI-TOF MS analysis. The versatility of the
disclosed protocol was confirmed by the employment of fossil-
based and bio-based monomers, affording the corresponding
macrocycles with good yields (51-86%) and short reaction time
(3 h). Taking in mind that driving reaction selectivity towards
the formation of cyclic species represents a very challenging
task, the results achieved in this work can be considered more
than satisfactory; indeed, the disclosed protocol proved to be
effective for the production of a series of novel and known
synthetically relevant macrocyclic oligoesters, with product
yields and selectivities comparable to those observed in the
traditional synthetic routes for MCOs production, starting from
diacyl chlorides. At the same time, it is important to highlight
the relevance of the reported synthetic targets which is well
documented by the growing number of processes involving
their use as starting monomers in entropically driven ring-
opening polymerizations. Finally, in order to prove their
synthetic suitability, an organocatalytic ED-ROP study promoted
by TBD was conducted, affording poly(2,5-furan-dimethylene
2,5 furandicarboxylate) (PBHMF) with number-average molec-
ular weight up to 8200 gmol™" and 66 % isolated yield.

Chem. Eur. J. 2023, 29, e202301416 (8 of 10)

Experimental Section

General experimental procedures used in this study are listed and
described in the Supporting Information.

General procedure for the synthesis of cyclic oligoesters 3

A mixture of diol 1 (0.4 mmol), aldehyde 2 (0.4 mmol), oxidant 5
(328 mg, 0.8 mmol) and pre-catalyst A (9 mg, 0.04 mmol) in
anhydrous Me-THF (30.0 mL) was degassed under vacuum and
saturated with argon (by an Ar-filled balloon) three times. Then,
DBU was added (15 pL, 0.10 mmol), and the reaction was stirred at
room temperature for 3 h. The mixture was concentrated and the
resulting residue triturated with fresh portions of CPME (3x 10 mL),
centrifugated and finally filtered. The polymeric precipitate was
separated from the reaction mixture while the organic solution was
eluted from a column of silica gel with a suitable elution system to
give, in order of elution, alcohol 5’, macrocyclic oligoesters 3 and
linear oligomers 4 (see the Supporting Information for details).

Procedure for oxidant 5recycle

The quantitative recycle of diquinone 5 was conducted stirring the
isolated 5’ (295 mg, 0.72 mmol) with iron(ll) phthalocyanine 6
(11 mg, 0.08 mmol) in Me-THF (8 mL) under air atmosphere (1 atm,
balloon) for 16 h. Filtration over celite and concentration under
reduced pressure afforded diquinone 5 as a red amorphous solid
(260 mg, 88 %).

General procedure for the synthesis of PBHMF

¢(BHMF),, (100 mg, 0.4 mmol of repeating units) was dissolved in
CPME (5 mL) in a reaction flask. Then, a mixture containing the
required amounts of TBD, n-octanol and antioxidants Irganox 1010
and Irgafos 126 (according to Table 4) in CPME was added to MCOs
solution and stirred for 30 min. After solvent removal under
reduced pressure, the reaction flask was connected to a glass oven
(Buchi GKR-50) and dried under vacuum for 30 min. Finally, the
reaction mixture was degassed under vacuum and saturated with
argon (by using an Ar-filled balloon) three times to remove residual
oxygen, then heated at T=160°C under mechanical rotation for
the 5 h at atmospheric pressure. After cooling, the resulting product
was triturated with CPME (10 mL). The soluble fraction contained
unreacted cycles while the precipitate corresponded to PBHMF
which was then analyzed by NMR (see the Supporting Information
for characterization details).
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