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macrocycles: heterogeneous catalysts for the
conversion of biomass-derived furan esters to
polymer platforms†
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Biomass conversion to polymer platforms is presently a crucial issue

that requires efficient catalysts. This work suggests a microporous

organic polymer (MOP)-based multimetallic heterogeneous Lewis

acid catalyst for the synthesis of biomass-derived polymer platforms.

MOP nanoparticles bearing tri-Zn macrocycles (MOPN-TZnM) were

prepared by the Sonogashira–Hagihara coupling of a predesigned

building block bearing tri-Zn macrocyclic moieties with tetra(4-

ethynylphenyl)methane. The MOPN-TZnM showed excellent cata-

lytic performance in the transesterification of biomass-derived

dimethyl furan-2,5-dicarboxylate with diols to furan-based diols that

can be utilized as polymer platforms of polyurethanes.
Considering the severity of climate change as a critical threat to
our society, it is imperative to implement regulations on the
emission of carbon dioxide.1 In view of this, strict carbon
management is required in industrial production.1 Conse-
quently, the utilization of petroleum as a resource for material
production will be limited in the future.2 Despite petroleum-
based plastics having undoubtedly facilitated a convenient
lifestyle, exploring alternative resources for their production
has become essential.3

Despite the challenges posed by climate change, carbon
dioxide can be considered as a carbon source for material
production.4 However, direct capture and chemical conversion
of carbon dioxide to polymer platforms entail high costs and
energy.5 Instead, carbon dioxide can be naturally xed to
chemicals, called biomass, through a process of photosyn-
thesis. Biomass refers to organic materials derived from living
or recently living organisms, such as plant matter, agricultural
residues, or wood, and can be used as a renewable resource for
various applications, including polymer production.6
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Biomass primarily consists of lignocellulosic materials,
comprising lignin, cellulose, and hemicellulose.7 While lignin
has been utilized as an aromatic chemical resource, the chem-
ical conversion and utilization of cellulose and hemicellulose
have captured signicant attention from scientists.8 Fig. 1
illustrates an example of the chemical modication of biomass
into polymer platforms.

First, through the hydrolysis of cellulose in biomass, glucose
can be produced. Subsequent isomerization of glucose and
abstraction of water lead to the formation of 5-hydrox-
ymethylfurfural (HMF).9 Utilizing HMF as a foundational
compound, various chemicals can be synthesized, collectively
referred to as furanics.10 For example, the oxidation of HMF
leads to the formation of 2,5-furan dicarboxylic acid (FDCA).10,11

FDCA serves as a monomer for the synthesis of polymers such
as polyethylene furan-2,5-dicarboxylate,12 an eco-friendly alter-
native to polyethylene terephthalate.

On the other hand, the chemical conversion of HMF to
furan-based diols can expand the range of available polymer
platforms. By reacting diols with diisocyanates, polyurethanes
can be synthesized, offering versatile polymers for coating,
elastomers, foams, etc.10,13
Fig. 1 Biomass conversion to furan-based polymer platforms and
synthesis of polyurethanes.
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The transesterication of furan esters, derived from FDCA,
with diols represents an efficient method for producing furan
diols.14 However, the isolation of furan diols prepared by the
transesterication of furan esters with diols is relatively rare,
due to self-condensation to polyesters.15 Lewis acid catalysts
accelerate the process of transesterication.16 While various
transition metals have been employed as Lewis acid catalysts,
zinc stands out due to its relatively low toxicity and cost-effec-
tiveness.17 Moreover, recently, multi-metallic macrocyclic
complexes have emerged as promising Lewis acid catalysts.18

Recently, microporous organic polymers (MOPs) have been
prepared through the coupling of building blocks.19 Due to their
chemical stability and porosity, MOPs can be utilized as effi-
cient catalytic platforms.20 In this regard, various heterogeneous
catalysts bearing metal complexes have been developed to
address environmental issues.21 However, MOP-based multi-
metallic heterogeneous catalysts have been rarely explored.21

In this work, we report the preparation of a tri-Zn macrocy-
clic building block (TZnM), the synthesis of MOP nanoparticles
bearing TZnM (MOPN-TZnM), and their catalytic performance
in the transesterication of furan esters to form furan-based
diols.

Fig. 2 shows a synthetic scheme of TZnM. First, through the
Duff reaction of 4-bromophenol in the presence of hexamethy-
lenetetramine and triuoroacetic acid,22 2,6-diformyl-4-
bromophenol was prepared.23 Successive reaction with trans-
1,2-diaminocyclohexane produced an imine-based tribromo-
macrocyclic compound.24 Nuclear magnetic resonance spec-
troscopy (NMR) supported the formation of imine bonds with
1H NMR peaks at 8.58 and 8.18 ppm (Fig. S1 in the ESI†). The
imine bonds in the tribromo-macrocyclic compound were
reduced to amines through a reaction with NaBH4 to form
Fig. 2 Synthesis of a building block bearing tri-Zn macrocyclic
complexes (TZnM) and its single crystal X-ray structure.

J. Mater. Chem. A
a macrocyclic compound bearing amine moieties (denoted as
M) (Fig. S1, S2 and Tables S1, S2 in the ESI†).25 While the 1H
peaks of imine moieties completely disappeared in the 1H
spectrum of M, the 1H peaks of methylene moieties neighboring
to amines were observed at 3.82 and 3.68 ppm. Finally, zincs
were introduced into M to form the target building block,
TZnM, which was fully characterized by NMR and high resolu-
tion mass spectroscopy (Experimental section in the ESI†). To
investigate a chemical structure of TZnM, single crystal X-ray
diffraction analysis was conducted (Fig. 2, S1, S2 and Tables
S1, S2 in the ESI,† CCDC# 2286971–2286972). According to the
X-ray crystal structure, three zincs were coordinated to
amacrocyclic ligand, M. One acetate was coordinated to zincs in
the macrocyclic ligand and perchlorates existed as free counter
anions. Considering labile acetate and non-coordinating
perchlorates, the zincs in the M are expected to act as Lewis
acidic sites.26

Using the TZnM as a building block, MOPN-TZnM nano-
particles were prepared by the Sonogashira–Hagihara coupling
with tetra(4-ethynylphenyl)methane (Fig. 3a).

According to scanning (SEM) and transmission electron
microscopy (TEM), MOPN-TZnM showed a nanoparticulate
morphology with an average diameter of 245 ± 9 nm (Fig. 3b–
d and S3 in the ESI†). Energy disperse X-ray spectroscopy (EDS)-
based elemental mapping images showed homogeneous
distribution of Zn components over MOPN-TZnM (Fig. 3e).
Fig. 3 (a) Synthetic scheme, (b) and (c) SEM images, (d) TEM image,
and (e) EDS-elemental mapping images of MOPN-TZnM.

This journal is © The Royal Society of Chemistry 2023
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The surface area and porosity of MOPN-TZnM were charac-
terized by the analysis of N2 adsorption–desorption isotherm
curves based on the Brunauer–Emmett–Teller (BET) theory,
showing a high surface area of 627 m2 g−1 (Fig. 4a). The pore
size distribution analysis based on non-local density function
theory (NLDFT) showed a microporous feature (pore sizes less
than 2 nm) (inset of Fig. 4a) with a micropore volume of 0.24
cm3 g−1.

Chemical structures of M, TZnM, and MOPN-TZnM were
investigated by infrared (IR) absorption spectroscopy (Fig. 4b).
While the C]N vibration of a precursor compound of M was
observed at 1629 cm−1, the IR spectrum of M showed the C–N
vibration at 1227 cm−1 with disappearance of the C]N vibra-
tion peak at 1629 cm−1, indicating that the reduction of imine
to amine was completed.27 In addition, the aliphatic C–H
vibrations of M were observed at 2933, 2863, and 1453 cm−1, in
addition to the C–O vibration at 1107 cm−1. Aer the coordi-
nation of Zn to M, the IR spectrum of TZnM retained the major
vibration peaks of M with appearance of a vibration peak at
1114 cm−1, corresponding to free perchlorate anions.28 In the IR
spectrum of MOPN-TZnM, while the main vibration peaks of
TZnM were retained at 2993, 1463, 1227, and 1114 cm−1, new
vibration peaks were observed at 1607, 1502, and 825 cm−1,
corresponding to aromatic C]C and C–H vibrations origi-
nating from the tetra(4-ethynylphenyl)methane building
block.29

A solid state 13C nuclear magnetic resonance (NMR) spec-
trum of MOPN-TZnM showed aromatic carbon peaks at 121,
130, and 146 ppm, an sp3 carbon peak at 64 ppm, and alkyne
Fig. 4 (a) N2 adsorption–desorption isotherm curves obtained at 77 K
(inset: a pore size distribution diagram based on the NLDFTmethod) of
MOPN-TZnM, (b) IR spectra of M, TZnM, and MOPN-TZnM (asterisks in
the IR spectrum of MOPN-TZnM indicate the chemical moieties
originating from TZnM), and (c) a solid state 13C NMR spectrum of
MOPN-TZnM (the peak indicated by an asterisk corresponds to
grease).

This journal is © The Royal Society of Chemistry 2023
peaks at 85 ppm, which originated from the tetra(4-
ethynylphenyl)methane building block (Fig. 4c).30 In addition,
the 13C NMR spectrum of MOPN-TZnM showed aliphatic
carbon peaks at 24, 29, and 57 ppm, originating from the
cyclohexyl rings of M.31 The IR and solid state 13C NMR spec-
troscopy conrmed that the MOPN-TZnM was formed through
the coupling of two building blocks.

Chemical surroundings of M, TZnM, and MOPN-TZnM were
further investigated by X-ray photoelectron spectroscopy (XPS)
(Fig. 5a–c). The Zn 2p1/2 and 2p3/2 orbital peaks of TZnM were
observed at 1045.0 and 1021.9 eV, respectively (Fig. 5a).32 The Zn
2p orbital peaks were retained in the XPS spectrum of MOPN-
TZnM. While the locations of O 1s orbital peaks (532.0–532.2
eV) of M, TZnM, and MOPN-TZnM were not signicantly
different (Fig. 5b), that of the N 1s orbital peak of M was clearly
distinguished from those of TZnM and MOPN-TZnM. The N 1s
orbital peaks of M appeared at 398.8 and 401.1 eV, corre-
sponding to the neutral amine species and cationic ammonium
salt formed through proton transfer from hydroxyl to amine
(Fig. 5c).33 In comparison, the N 1s orbital peaks of TZnM and
MOPN-TZnM were observed at 399.5 eV, indicating that the tri-
Zn macrocyclic species was retained in the MOPN-TZnM.32

According to thermogravimetric analysis (TGA), the MOPN-
TZnM was thermally stable up to 325 °C (Fig. 5d). Powder X-
ray diffraction (PXRD) studies showed that MOPN-TZnM is
amorphous, matching with the conventional feature of MOP
materials prepared by the Sonogahsira–Haghihara coupling of
organic building blocks (Fig. S4 in the ESI†).34 The Zn content in
MOPN-TZnM was analyzed to be 0.83 mmol g−1 by inductively
coupled plasma-atomic emission spectroscopy (ICP-AES).
Fig. 5 (a) XPS Zn 2p orbital spectra, (b) XPS O 1s orbital spectra, and (c)
XPS N 1s orbital spectra of M, TZnM, andMOPN-TZnM. (d) A TGA curve
of MOPN-TZnM.

J. Mater. Chem. A
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Next, considering the high surface area, porosity, and
potential Lewis acid feature of MOPN-TZnM, we studied its
catalytic performance for the transesterication of furan ester
(dimethyl furan-2,5-dicarboxylate, FDCA-DM) with various diols
to furan-based diols.15 Table 1 summarizes the results.

First, the reaction conditions for the transesterication of
FDCA-DM with 2,2′-oxydiethanol (D1), catalyzed by MOPN-
TZnM, were optimized. When MOPN-TZnM with 2.0 mol% Zn
was used, the conversion yields of FDCA-DM with D1 to the
corresponding furan diol gradually increased from 11% to 59,
80, 94, and 99% (an isolated yield of 92%) at 150 °C aer 0.5,
1.5, 3, 6, and 9 h, respectively (entries 1–5 in Table 1). When the
amount of MOPN-TZnM was reduced to 1.5 mol% Zn or no
catalyst was used, the conversion yields of FDCA-DM to a furan
Table 1 Catalytic transesterification of dimethyl furan-2,5-dicarbox-
ylate (FDCA-DM) with various diols by MOPN-TZnMa

Entry Cat (mol%) Diols Time (h) Yieldb (%)

1 2 D1 0.5 11
2 2 D1 1.5 59
3 2 D1 3 80
4 2 D1 6 94
5 2 D1 9 99(92)
6 1.5 D1 9 91
7 0 D1 9 13
8c 2 D1 9 74
9 2 D2 9 98(90)
10 2 D3 9 84
11 2 D3 18 99(93)
12 2 D4 9 59
13 2 D4 18 77
14 2 D4 36 96(90)
15 2 D5 9 80
16 2 D5 18 94(87)
17 2 D6 9 30
18 2 D6 18 64
19 2 D6 36 91(87)
20d 2 D1 9 99
21e 2 D1 9 97
22f 2 D1 9 97
23g 2 D1 9 96

a Reaction conditions: dimethyl furan-2,5-dicarboxylate (FDCA-DM,
0.50 mmol), diols (2.0 mmol), MOPN-TZnM (0.83 mmol Zn per g
based on the ICP-AES analysis, 12 mg, 2.0 mol% Zn for FDCA-DM),
toluene (1 mL), 150 °C. b Conversion yields of FDCA-DM (isolated
yields of furan diols were given in parentheses). c Reaction
temperature of 130 °C. d The catalyst recovered from entry 5 was used.
e The catalyst recovered from entry 20 was used. f The catalyst
recovered from entry 21 was used. g The catalyst recovered from entry
22 was used.

J. Mater. Chem. A
diol at 150 °C aer 9 h were dropped to 91 and 13%, respectively
(entries 6–7 in Table 1). When the reaction temperature
decreased from 150 °C to 130 °C, the conversion yields of FDCA-
DM aer 9 h decreased from 99% to 74% (entry 8 in Table 1).
The MOPN-TZnM with 2.0 mol% Zn, 150 °C, and 9 h were
determined as optimized reaction conditions.

Various diols (D2–D6, entries 9–19 in Table 1) were tested for
the transesterication of FDCA-DM to furan diols under opti-
mized reaction conditions. When ethane-1,2-diol (D2) was used
for the transesterication of FDCA-DM, a good conversion yield
of 98% (an isolated yield of 90%) was observed (entry 9 in Table
1) at 150 °C aer 9 h. In the cases of diols with a relatively longer
chain or a bulkier bridging group, longer reaction times were
required (entries 10–14 in Table 1). When hexane-1,6-diol (D3)
was used for the transesterication of FDCA-DM, the reactions
showed conversion yields of 84 and 99% (an isolated yield of
93%) at 150 °C aer 9 and 18 h, respectively (entries 10–11 in
Table 1). Trans-1,4-di(hydroxymethyl)cyclohexane (D4) required
further longer reaction times for the transesterication of
FDCA-DM, showing conversion yields of 59, 77, and 96% (an
isolated yield of 90%) at 150 °C aer 9, 18, and 36 h (entries 12–
14 in Table 1).

Diols with aromatic bridging groups were studied as
substrates for the transesterication of FDCA-DM (entries 15–19
in Table 1). When 1,4-phenylenedimethanol (D5) was used,
conversion yields of 80 and 94% (an isolated yield of 87%) were
observed aer 9 and 18 h, respectively (entries 15–16 in Table 1).
Finally, when 2,2′-(1,4-phenylenebis(oxy))diethanol (D6) was
used, conversion yields of 30, 64, and 91% (an isolated yield of
87%) were obtained aer 9, 18 and 36 h, respectively (entries
17–19 in Table 1). In addition to the diols listed in Table 1, we
also tested three additional diols for the transesterication of
FDCA-DM. However, when anthracene-9,10-diyldimethanol was
used, the transesterication did not proceed, due to its poor
solubility. Additionally, both (2-methoxy-1,4-phenylene)
dimethanol and (2-nitro-1,4-phenylene)dimethanol proved
ineffective for the transesterication of FDCA-DM, due to the
steric hindrance caused by the ortho functional groups.

When the Zn metals in MOPN-TZnM were etched using HCl
solution, the resultant MOPN-M did not exhibit catalytic activity
in the transesterication of FDCA-DM with D1. This suggests
that the Zn metals in MOPN-TZnM functioned as Lewis acid
catalysts (refer to the mechanism in Fig. S5 in the ESI†).35

The recyclability of MOPN-TZnM was studied (entries 5 and
20–23 in Table 1 and Fig. 6). Aer transesterication of FDCA-
DM with D1 for 9 h, the catalyst was recovered through centri-
fugation, washed, dried, and reused for the next reaction. As
shown in Fig. 6a, the MOPN-TZnM retained the catalytic
performance for ve successive runs with conversion yields of
96–99%. According to TEM analysis, the recovered catalyst
retrieved aer ve successive runs showed the retention of the
original morphology (Fig. 6b). In the IR and NMR studies, while
the original chemical structure of MOPN-TZnMwas retained, an
additional vibration peak appeared at 1119 cm−1, correspond-
ing to the C–O vibration, due to the diols or furan diols
entrapped in MOP networks (Fig. 6c and S6 in the ESI†). The
original Zn 2p orbitals at 1045.0 and 1021.9 eV and the N 1s
This journal is © The Royal Society of Chemistry 2023
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Fig. 6 (a) Recyclability tests of the MOPN-TZnM catalyst for the
transesterification of FDCA-DM with 2,2′-oxydiethanol (D1) to furan
diol, (b) TEM images, (c) IR spectra, and (d) XPS spectra of the Zn 2p
orbitals and N 1s orbital of MOPN-TZnM before and after five
successive runs.

Fig. 7 Demonstration of the polyurethane synthesis using the furan
diol prepared in this study: (a) a reaction scheme for the synthesis of
polyurethane (PU-1) using the furan diol (FDCA-D1) prepared by
transesterification of FDCA-DM with D1 and 1,6-diisocyanatohexane.
(b) IR spectrum (inset: a photography of PU-1) and (c) a TGA curve
(inset: a DSC curve) of PU-1.
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orbital peak at 399.5 eV were retained in the XPS spectrum of
MOPN-TZnM recovered aer ve runs, indicating the mainte-
nance of Zn–N species (Fig. 6d).

Recently, Lewis acid catalytic systems for the trans-
esterication of furan esters with diols have been reported in
the literature.15 However, homogeneous catalysts have been
used and the resultant products were furan-based polyesters
that were formed through successive polymeric condensation
between furan-based diols.15 In comparison, the MOPN-TZnM-
based heterogeneous catalytic system of this work provides
various furan-based diols that can be utilized for the synthesis
of polyurethanes (Fig. S7 in the ESI†).

Using a furan-based diol (FDCA-D1) prepared by the catalytic
transesterication of FDCA-DM with D1, we demonstrated the
synthesis of polyurethane (Fig. 7 and S8 in the ESI†).36 An ivory-
colored polyurethane (PU-1) was formed through a direct reac-
tion of the furan diol with 1,6-diisocyanatohexane at 80 °C for
24 h (Fig. 7a and inset in Fig. 7b). PU-1 was retrieved from
a reaction mixture through recrystallization in methanol solu-
tion. According to gel permeation chromatography (GPC)
analysis, the molecular weight and polydispersity index (PDI) of
PU-1 were measured to be and 43 000 (Mw) and 2.1, respectively.
In IR analysis, while the vibration peak of isocyanate groups
disappeared at 2268 cm−1, C–O, C–N, C]O, and N–H peaks
were observed at 1100, 1245, 1765, and 3318 cm−1, respectively,
indicating formation of urethane bonds in PU-1.36

According to TGA and differential scanning calorimeter
(DSC) analysis, PU-1 has a decomposition temperature (Td) of
298 °C and a glass transition temperature (Tg) of 6.7 °C (Fig. 7c).
This journal is © The Royal Society of Chemistry 2023
In addition, we found that PU-1 can be used as a coating
material for solid supports. Extensive application studies are
ongoing for PUs that can be prepared using the furan diols in
this study.

In conclusion, a novel building block containing a tri-Zn
macrocycle was successfully synthesized and its structure was
characterized using single crystal X-ray diffraction analysis,
aiming to create a MOP-based heterogeneous Lewis acid cata-
lyst. By conducting the Sonogashira–Hagihara coupling of the
building block with tetra(4-ethynylphenyl)methane, MOPN-
TZnM was synthesized, exhibiting a high surface area of 627
m2 g−1 and microporosity. The MOPN-TZnM, with 2.0 mol% Zn
showed excellent catalytic performance in the trans-
esterication of biomass-derived FDCA-DM with diols to
produce furan-based diols. The catalyst also demonstrated
excellent recyclability over ve successive runs. Furthermore, by
utilizing various diols, diverse furan-based diols could be
prepared, offering potential applications in polyurethane
synthesis. Considering the results, we propose that MOPN-
TZnM can serve as an effective Lewis acid catalyst for the
various conversions of biomass and carbon dioxide to valuable
chemicals. Furthermore, the Zn metals in MOPN-TZnM can be
replaced with new metals through Zn etching followed by the
incorporation of new metals (Fig. S9 in the ESI†), allowing for
the development of novel catalysts.
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