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Biodegradability of poly(ester-thioether)s
containing chiral biomass via a Michael-type thiol-
ene click reactionf
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We prepared dianhydrosugar-based diacrylates: isosorbide bis(acrylate) (ISDA) and isomannide bis(acrylate)
(IMDA) from the corresponding dianhydrosugars. Using a scandium triflate as the catalyst, the
chemoselective dehydration of b-, L-, and meso-tartaric acids with 2-mercaptoethanol selectively
synthesized three dithiols: L-bis(2-mercaptoethyl)tartrate (META), o-META, and meso-META. The thiol-
Michael click polyaddition of ISDA or IMDA with the three dithiols proceeded in N,N-dimethylformamide
(40 °C) using triethylamine as the catalyst, yielding the expected six poly(ester-thioether) diastereomers
M, 82 x 10° to 9.2 x 10% molecular weight distribution (M,,/M,,), 1.29-151). The synthesized
poly(ester-thioether)s showed a single glass transition temperature (Tg) between —8 and 14 °C. In
biodegradation measurements, monitored by biochemical oxygen demand (BOD) values in active sludge,
poly(IMDA-alt-meso-META), poly(ISDA-alt-.-META), and poly(ISDA-alt-p-META) showed lower
biodegradability. In contrast, poly(IMDA-alt-L.-META), poly(IMDA-alt-p-META), and poly(ISDA-alt-meso-
META) showed 16% to 28% biodegradation after 30 days, indicating diastereomeric effects on
biodegradability. Since enzymatic hydrolysis using lipase showed a similar trend to the BOD tests, we
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Introduction

In this decade, the practical applications of polymer materials
have been increasing year by year. Simultaneously, environment
concerns regarding these useful polymeric materials are also
increasing. Between the 1980s and 2000s, many researchers
studied biodegradable polymers; however, their high cost
limited practical use in daily life. The urgent requirement to
address the microplastic pollution problem has now prompted
polymer chemists to reconsider biodegradable polymers and
their modifications. Since Tokiwa et al. (1990) reported the
biodegradation of polyesters using several esterases, including
lipase," the most reliable biodegradable polymers are aliphatic
polyesters, including poly(alkylene succinate),> poly(3-
hydroxybutyric acid) (PHB),* and poly(lactic acid).* These were
synthesized via polycondensation under severe reaction condi-
tions following the traditional Carothers procedure.>® Although
this classical polycondensation procedure under severe condi-
tions has limited the incorporation of functionalities into
biodegradable polyesters, we have reported the scandium
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concluded that biodegradability depends on the stereochemistry along the polymer backbone.

triflate [Sc(OTf);]-catalyzed dehydration polycondensation of
dicarboxylic acids and diols under mild conditions, even at
room temperature.” This low-temperature polycondensation
enabled us to use several dicarboxylic acids with extra func-
tionalities, including maleic acid,® bromosuccinic acid,® lactic
acid,” and tartaric acid,'® to produce polyesters containing
carbon-carbon double bonds, pendent bromo, methyl, and
hydroxy groups, respectively. This procedure is expected to be
a powerful method for synthesizing new biodegradable
polyesters.

As an alternative synthetic route for polyesters, successive
click reactions, invented by Sharpless, using monomers con-
taining ester linkages have been reported.”* We synthesized
polyesters containing cyclic triazole units*> and poly(ester-thi-
oether)s’® via copper(i)-catalyzed alkyne-azide click reactions
(CCAC) and thiol-ene click reactions, respectively. As an exten-
sion of our work on click poly(ester-thioether)s,"”* we further
demonstrated click polymerization using biomass-derived
monomers, including rt-malic acid,® 1,4:3,6-dianhy-
drosugars,* and tartaric acid.*® During this research, we found
that biodegradation might depend on the stereochemistry®
along the polymer backbone. This research background
prompted us to click-polymerize 1,4 : 3,6-dianhydrosugar-based
diacrylates and tartaric acid-based dithiols to afford a series of
poly(ester-thioether)s with different stereochemistries (Fig. 1).

In this article, we described the preparation of six diaste-
reomeric poly(ester-thioether)s with similar molar masses and
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Fig. 1 Synthesis of poly(ester-thioether)s containing dianhydrosugar
and tartaric acid units via Michael-type thiol-ene click polymerization.

molecular dispersity indices, obtained from the polyaddition of
two dianhydrosugar-containing diacrylate monomers and three
tartaric acid-based dithiols using triethylamine as the catalyst.
The dianhydrosugar-based diacrylates: isosorbide bis(acrylate)
(ISDA)* and isomannide bis(acrylate)(IMDA), were prepared
from 1,4 : 3,6-dianhydroglucitol and 1,4 : 3,6-dianhy-
dromannitol. Using scandium triflate [Sc(OTf);] as the catalyst,
the chemoselective dehydration of p-, L-, and meso-tartaric acids
with 2-mercaptoethanol yielded three dithiols: v-bis(2-
mercaptoethyl)tartrate (META), o-META, and meso-META. We
then performed biodegradation tests in activated sludge and
enzymatic hydrolysis using lipase®>*® to examine whether the
diastereomers showed different biodegradation behaviors. This
work provides a new guideline suggesting that the stereo-
chemistry of monomers affects their biodegradability, as most
biomass-based substances contain chiral centers.

Experimental section

Materials

L- (>99%), - (>99%), and meso-tartaric acids (>90%) (L-TA, p-TA,
and meso-TA), isomannide (IM) (>98%), isosorbide (IS) (>98%),
allyl alcohol (>99%), mercaptoacetic acid (>95%), acryloyl
chloride (>98%), 2-mercaptoethanol (>98%), scandium (iii) tri-
fluromethanesulfonate [Sc(OTf);] (98%), triethylamine (Et;N)
(>99%), and 2,2'-azobis(isobutyronitrile) (AIBN) (>98%) were
obtained from Tokyo Chemical Industry (Tokyo, Japan) and
used as received. Lipase, immobilized on Immobead 150 from
Pseudomonas cepacia, was purchased from Sigma-Aldrich, Inc.
(Missouri, USA) and used as delivered. Common reagents and
solvents were purchased from Japanese companies and used
without further purification.

Analytical measurements

"H NMR (400 MHz) and “C NMR (100 MHz) spectra were
recorded at 27 °C using a Bruker Analytik DPX400 apparatus,
with tetramethylsilane as the internal standard (0.0 ppm). The
optical rotation measurement of METAs was measured using
a JASCO P-1010 polarimeter in tetrahydrofuran at 25 °C to
determine specific rotations [«]5’. The number-average molec-
ular weight (M,,) and molecular weight distribution (M,/M,) of
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the poly(ester-thioether)s were determined using Shodex KD-
803 and KD-804 columns in a size exclusion chromatography
(SEC) system consisting of a JASCO PU-2028 pump, a JASCO RI-
2031 differential refractometer, and an intelligent column oven
(JASCO CO-2065 Plus). N,N-Dimethylformamide (DMF) con-
taining 0.05 wt% lithium bromide was used as the eluent, with
a flow rate of 0.5 mL min ' and a temperature of 40 °C. The
calibration of M, and M,,/M,, was performed using a series of
poly(methyl methacrylate) samples as standards. Differential
scanning calorimetry (DSC) measurements were conducted
using a DSC7020 equipment (HITACHI, Japan). During the first
heating, the scan was carried out from 30 °C to 90 °C at a rate of
10 °C min ", followed by cooling to —90 °C. The second scan
was then performed from —90 °C to 90 °C at a scan rate of 10 °©
C min " to determine the T,s. The scans were performed under
a nitrogen gas flow.

Preparation of monomers

Isomannide bis(acrylate) (IMDA) and isosorbide bis(acryla-
te)(ISDA). IM (2.192 g, 15 mmol) and TEA (6.24 mL, 45 mmol)
were mixed in 36 mL of dry dichloromethane (DCM) in a 50 mL-
eggplant flask under N, in a glovebox and stirred at 0 °C for
15 min. Acryloyl chloride (3.06 mL, 37.5 mmol) was then added
to the solution, and the mixture was maintained at room
temperature for 2 h. The resulting mixture was washed three
times with brine (20 mL). The resulting reaction mixture was
dried over MgSO, and dried to remove the solvent. The crude
syrup was purified by column chromatography using EtOAc/n-
hexane (1/4 v/v) as the eluent to afford the expected IMDA (50%
yield) as a colorless syrup. ISDA (45% yield) was also synthesized
using the same procedure and obtained as a white powder.

Isomannide bis(acrylate) (IMDA). "H NMR (400 MHz, CDCl;,
6, ppm): 3.87 (dd, 2H, H-1a and 6a, 2.6 and 8.0 Hz), 4.07 (dd, 2H,
H-1b and 6b, 3.0 and 7.8 Hz), 4.77 (dd, 2H, H-3 and H-4, 1.5 and
3.9 Hz), 5.16-5.23 (m, 2H, H-2 and H-5), 5.90 (dd, 2H, CH,=
CH-, 1.3 and 10.3 Hz), 6.20 (dd, 2H, CH,=CH-, 10.4 and 17.4
Hz), 6.49 (dd, 2H, CH,—CH-, 1.3 and 17.3 Hz) (Fig. S11). *C
NMR (100 MHz, CDCl;, 6, ppm): 70.51 (C-1 and C-6), 73.85 (C-2
and C-5), 80.53 (C-3 and C-4), 127.58 (CH,=CHCO-), 131.90
(CH,=CHCO-), 165.49 (CH,CHCO-) (Fig. S21).

Isosorbide bis(acrylate) (ISDA). 'H NMR (400 MHz, CDClj, 6,
ppm): 3.87 (dd, 1H, H-6a, 5.4 and 9.8 Hz), 3.98-4.03 (m, 3H, H-
1a, H-1b, and H-6b), 4.55 (d, 1H, H-4, 4.8 Hz), 4.90 (t, 1H, H-3,
5.0 Hz), 5.24 (dd, 1H, H-2, 5.4 and 11.6 Hz), 5.29 (dd, 1H, H-5,
1.7 and 2.0 Hz), 5.89 (dd, 2H, CH,=CH-, 6.3 and 10.6 Hz),
6.15 (dd, 2H, CH,=CH-, 10.5 and 16.7 Hz), 6.45 (dd, 2H, CH,=
CH-, 1.4 and 16.0 Hz) (Fig. S31). **C NMR (100 MHz, CDCl;, 4,
ppm): 70.40 (C-1), 73.49 (C-6), 74.11 (C-2), 78.13 (C-5), 80.89 (C-
4), 85.99 (C-3), 127.71 (CH,=CHCO-), 131.83 (CH,=CHCO-
endo-), 131.91 (CH,=CHCO-ex0-) 165.15 (CH,CHCO-endo-),
165.47 (CH,CHCO-exo-) (Fig. S47).

Bis(2-mercaptoethyl) tartrate (META) (-, p-, meso-). .-TA
(2.251 g, 15 mmol), 2-mercaptoethanol (4.185 mL, 60 mmol),
and Sc(OTf); (147.6 mg, 0.3 mmol) were added to a 20 mL-
eggplant flask under N, in a glovebox and stirred. The solu-
tion was then heated at 50 °C for 48 h, and then EtOAc (50 mL)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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was added. The reaction mixture was washed twice with 25 mL
of saturated sodium bicarbonate solution and 25 mL of brine,
then dried over MgSO,. The solvent was removed to obtain the
crude product. The product was dried in vacuo at 50 °C to obtain
L-META (30% yield) as a colorless oil. p-META and meso-META
were also synthesized using the same procedure: o-META (25%
yield) as a colorless oil and meso-META (20% yield) as a white
powder.

Bis(2-mercaptoethyl) 1-tartrate (.-META). 'H NMR (400 MHz,
CDCls, 8, ppm): 1.58 (t, 1H, -SH, 8.6 Hz), 2.80 and 2.83 (dt, 2H,~
CH,-SH, 2.6 and 11.0 Hz), 3.24 (brs, 1H, -OH), 4.33 and 4.36 (dt,
1H, -CH,CH,-SH, 6.8 and 11.0 Hz), 4.43 and 4.46 (dt, 1H, -
CH,CH,-SH, 6.5 and 11.0 Hz), 4.61 (s, 2H, CHCO) (Fig. S51). *C
NMR (100 MHz, CDCl;, 6, ppm): 23.08 (HSCH,-), 67.38 (-
CH,0CO-), 72.08 (HOCH-), 171.13 (-CO-) (Fig. $6%).
[a]5: +10.42 (in tetrahydrofuran).

Bis(2-mercaptoethyl) p-tartrate (p-META). '"H NMR (400
MHz, CDCl;, 6, ppm): 1.60 (t, 1H, -SH, 8.5 Hz), 2.80 and 2.83 (dt,
2H-CH,-SH, 2.1 and 11.1 Hz), 3.38 (brs, 1H, -OH), 4.33 and 4.35
(dt, 1H, ~-CH,CH,-SH, 6.6, 11.0 Hz), 4.42 and 4.44 (dt, 1H, -
CH,CH,-SH, 4.4, 11.0 Hz), 4.62 (s, 2H, CHCO) (Fig. S71). "*C
NMR (100 MHz, CDCl;, 6, ppm): 23.08 (HSCH,-), 67.38 (-
CH,0CO-), 72.09 (HOCH-), 171.14 (-CO-) (Fig. S8%).
[«]’: —10.42 (in tetrahydrofuran).

Bis(2-mercaptoethyl) meso-tartrate (meso-META). 'H NMR
(400 MHz, CDCl;, 6, ppm): 1.55 (t, 1H, -SH, 8.5 Hz), 2.77 and
2.80 (dt, 2H,~CH,-SH, 41.8 and 11.0 Hz), 3.15 (brs, 1H, -OH),
4.29 and 4.32 (dt, 1H, -CH,CH,-SH, 6.7 and 11.1 Hz), 4.39 and
4.42 (dt, 1H, -CH,CH,-SH, 6.5 and 11.1 Hz), 4.62 (s, 2H, CHCO)
(Fig. S91). *C NMR (100 MHz, CDCl;, 6, ppm): 23.03 (HSCH,-),
67.41 (-CH,0CO-), 73.03 (HOCH-), 170.75 (-CO-) (Fig. S10%).
[a]%: +0.18 (in tetrahydrofuran).

Synthesis of poly(ester-thioether)s via Michael-type thiol-ene
polyaddition

The Michael-type thiol-ene polyadditions of IMDA and ISDA
with META (-, -, meso-) were carried out in a dry flask. As an
example, IMDA (405.0 mg, 1.5 mmol) and .-META (381.1 mg, 1.5
mmol) were dissolved in 3 mL of dry DMF in a 10 mL-eggplant
flask under N, in a glovebox. Et;N (41.6 pL, 0.3 mmol) was then
added dropwise. The solution was maintained at 40 °C for 24 h,
after which the product was precipitated with CHCI; followed by
n-hexane. The polymer was dried at 40 °C to obtain poly(IMDA-
alt-1-META) as a polymeric material. For the other five
poly(ester-thioether)s using ISDA, p-META, and meso-META, the
corresponding polymers were obtained using a similar proce-
dure. The structures and properties of the poly(ester-thioether)s
were confirmed by NMR and SEC and thermally characterized
by DSC.

Poly(IMDA-alt-.-META). "H NMR (400 MHz, CDCl;, 6, ppm):
2.69-2.77 (brm, 4H, ~-COCH,-), 2.82-2.91 (brm, 8H, -SCH,-),
2.96 (s, 2H, -OH), 3.79-3.91 (brm, 2H, H-1a and 6a), 4.01-4.11
(brm, 2H, H-1b and H-6b), 4.33-4.51 (brm, 4H, -CH,-0-), 4.60
(brs, 2H, -CH-OH), 4.68-4.75 (brm, 2H, H-3 and H-4), 5.10-5.14
(brm, 2H, H-2 and H5) (Fig. 2). *C NMR (100 MHz, CDCl;, 6,
ppm): 27.00 (-SCH,CH,O-), 30.39 (-SCH,CH,CO-), 34.58 (-
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Fig. 2 H NMR spectrum of poly(IMDA-alt-L.-META)s in CDCls, 400
MHz, using TMS as the reference.

SCH,CH,CO-), 65.04 (HOCHCO-), 70.48 (C-1 and C-6), 72.33 (-
SCH,CH,0-), 73.98 (C-2 and C-5), 80.40 (C-3 and C-4), 171.20 (-
COCH(OH)-), 171.32 (-COCH,CH,S-) (Fig. S117).

Poly(IMDA-alt-p-META). "H NMR (400 MHz, CDCl;, 4, ppm):
2.69-2.73 (brm, 4H, -COCH,-), 2.82-2.92 (brm, 8H, -SCH,-),
2.96 (s, 2H, -OH), 3.80-3.88 (brm, 2H, H-1a and 6a), 4.03-4.10
(brm, 2H, H-1b and 6b), 4.34-4.50 (brm, 4H, -CH,-O-), 4.60 (brs,
2H, -CH-OH), 4.68-4.75 (brm, 2H, H-3 and H-4), 5.10-5.19
(brm, 2H, H-2 and H5) (Fig. S121). "*C NMR (100 MHz, CDCl;, 6,
ppm): 27.00 (-SCH,CH,0-), 30.42 (-SCH,CH,CO-), 34.56 (-
SCH,CH,CO-), 65.06 (HOCHCO-), 70.47 (C-1 and C-6), 72.25
(-SCH,CH,0-), 73.95 (C-2 and C-5), 80.37 (C-3 and C-4), 171.13
(-COCH(OH)-), 171.28 (-COCH,CH,S-) (Fig. S13%).

Poly(IMDA-alt-meso-META). '"H NMR (400 MHz, CDClj, 4,
ppm): 2.70-2.73 (brm, 4H, -COCH,-), 2.77-2.90 (brm, 8H, -
SCH,-), 2.96 (s, 2H, -OH), 3.80-3.87 (brm, 2H, H-1a and 6a),
4.03-4.11 (brm, 2H, H-1b and 6b), 4.30-4.42 (brm, 4H, ~CH,~
0-), 4.60 (brs, 2H, -CH-OH), 4.70-4.76 (brm, 2H, H-3 and H-4),
5.10-5.19 (brm, 2H, H-2 and H5) (Fig. $147). "*C NMR (100 MHz,
CDCl;, 8, ppm): 26.99 (-SCH,CH,0-), 30.40 (-SCH,CH,CO-),
34.59 (-SCH,CH,CO-), 64.75 (HOCHCO-), 70.47 (C-1 and C-6),
73.18 (-SCH,CH,0-), 74.00 (C-2 and C-5), 80.40 (C-3 and C-4),
170.77 (-COCH(OH)-), 171.26 (-COCH,CH,S-) (Fig. S157).

Poly(ISDA-alt-1-META). "H NMR (400 MHz, CDCl;, 6, ppm):
2.64-2.72 (brm, 4H, -COCH,-), 2.76-2.91 (brm, 8H, -SCH,-),
2.96 (s, 2H, ~OH), 3.82-3.90 (brm, 1H, H-6a), 3.92-4.09 (brm,
3H, H-1a, H-1b, and H-6b), 4.33-4.45 (brm, 4H, -CH,-0-), 4.50-
4.53 (brm, 1H, H-4), 4.60 (brs, 2H, -CH-OH), 4.86-4.97 (brm,
1H, H-3), 5.16-5.26 (brm, 2H, H-2 and H5). (Fig. S161). >*C NMR
(100 MHz, CDCl;, §, ppm): 27.10 (-SCH,CH,0-), 30.43 (-
SCH,CH,CO-), 34.76 (-SCH,CH,CO-), 64.99 (HOCHCO-), 70.53
(C-1), 72.40 (C-6), 73.35 (-SCH,CH,0-), 74.36 (C-2), 78.39 (C-5),
80.76 (C-4), 85.85 (C-3), 170.89 (-COCH(OH)-), 171.29 (-
COCH,CH,S-) (Fig. S177).

Poly(ISDA-alt-0-META). "H NMR (400 MHz, CDCl;, 6, ppm):
2.64-2.73 (brm, 4H, -COCH,-), 2.76-2.92 (brm, 8H, -SCH,-),
2.96 (s, 2H, -OH), 3.74-3.88 (brm, 1H, H-6a), 3.92-4.02 (brm,
3H, H-1a, H-1b, and H-6b), 4.36-4.45 (brm, 4H, -CH,-0-), 4.48-
4.54 (brm, 1H, H-4), 4.61 (brs, 2H, -CH-OH), 4.85-4.94 (brm,
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1H, H-3), 5.17-5.26 (brm, 2H, H-2 and H5). (Fig. $187). **C NMR
(100 MHz, CDCl;, ¢, ppm): 27.10 (-SCH,CH,0-), 30.43 (-
SCH,CH,CO-), 34.76 (-SCH,CH,CO-), 64.89 (HOCHCO-), 70.48
(C-1), 72.29 (C-6), 73.35 (-SCH,CH,0-), 74.31 (C-2), 78.29 (C-5),
80.76 (C-4), 85.85 (C-3), 170.94 (-COCH(OH)-), 171.34 (-
COCH,CH,S-) (Fig. S19%).

Poly(ISDA-alt-meso-META). 'H NMR (400 MHz, CDCl;, 6,
ppm): 2.64-2.72 (brm, 4H, -COCH,-), 2.76-2.86 (brm, 8H, —
SCH,-), 2.96 (s, 2H, ~OH), 3.74-3.86 (brm, 1H, H-6a), 3.93-4.02
(brm, 1H, H-1a, H-1b, and H-6b), 4.29-4.42 (brm, 4H, -CH,-0-),
4.51-4.54 (brm, 1H, H-4), 4.60 (brs, 2H, -CH-OH), 4.86-4.97
(brm, 1H, H-3), 5.17-5.26 (brm, 2H, H-2 and H5). (Fig. $207). *C
NMR (100 MHz, CDCl;, 6, ppm): 27.10 (-SCH,CH,0-), 30.43 (-
SCH,CH,CO-), 34.66 (-SCH,CH,CO-), 64.64 (HOCHCO-), 70.53
(C-1), 72.29 (C-6), 73.20 (-SCH,CH,0-), 74.31 (C-2), 78.34 (C-5),
80.81 (C-4), 85.90 (C-3), 170.79 (-COCH(OH)-), 171.29 (-
COCH,CH,S-) (Fig. S21%).

Biochemical oxygen demand (BOD) testing

According to the reported procedure,” 10 mg of the corre-
sponding poly(ester-thioether) in 5 mL of CHCI; solution was
added to a test bottle (n = 2 per polymer) and dried at 25 °C for 2
days. Then, activated sludge, obtained from the Nagoya City
Waterworks and Sewerage Bureau, was added at a concentra-
tion of 30 mg L™ " to an incubation medium containing (mg L)
K,HPO, (218), KH,PO, (85), Na,HPO, (334), NH,CI (5), CaCl,
(28), MgSO,-7H,0 (23), and FeCl;-6H,0 (0.25), with the pH
adjusted to 7.4. This aqueous solution was then added to each
test bottle to achieve a polymer concentration of 100 mg L™"
The test bottles were maintained at 25 °C for 30 days in
a constant-temperature bath, and the atmospheric pressure in
the bottles were measured daily. The biochemical oxygen
demand (BOD) at 25 °C was determined in duplicate by
measuring oxygen consumption using BOD equipment (model
200F, TAITEC Co., Koshigaya-shi, Japan) according to ISO
guidelines (14 851). The degree of biodegradability (%) of the
polymer was determined as [(BODgample — BODpjank)/TOD] X
100, where BODgymple and BODyanc represent the actual
measured BOD values of the polymer and the blank medium,
respectively, and TOD is the theoretical oxygen demand of the
poly(ester-thioether) when fully oxidized.

Enzymatic hydrolysis test by total organic carbon (TOC)
measurement

According to the reported procedure,***® a 5 mg of each sample

(n = 2 per polymer) in a trace amount of CHCI; was transferred
to separate test tubes and evaporated over 2 days. Immobilized
lipase from Pseudomonas cepacia (50 units) was added to one of
the tubes, while the other tube served as a control without lipase
to confirm the enzyme's effect. Standard buffer (pH 6.86 & 0.02)
(2.0 mL) was added to both tubes. The targeted TOC values were
monitored three times for each sample, and the average value
was determined. The samples were incubated at 37 °C for 24 h.
After the aqueous test medium was filtered through
a membrane filter, the total organic carbon (TOC) was recorded
using a total organic carbon analyzer (TOC-2300, HIRANUMA
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Co., Mito, Japan). The TOC measurements were performed in
triplicate for each sample, and the average value was
determined.

Results and discussion

First, we prepared the monomers for the Michael-addition click
polymerization. Esterification of IM with 2.5 equiv. acryloyl
chloride was performed in dry DCM using TEA as the base
catalyst at room temperature for 2 h (Scheme 1), which afforded
the targeted 1:2 adduct of IM and acryloyl chloride (IMDA)
(50% yield). The IS-based diacrylate was synthesized similarly to
give the corresponding 1: 2 adduct (ISDA) (45% yield). The 'H-
and *C NMR spectra indicated the expected chemical struc-
tures of IMDA (Fig. S1 and S2t) and ISDA (Fig. S3 and S47).
Chemoselective esterification of 1.-TA with 4.0 equiv. 2-mercap-
toethanol was performed under solvent-free conditions using
Sc(OTf); as the catalyst at 50 °C for 48 h (Scheme 1), which
afforded the expected 1:2 adduct of L-TA and 2-mercaptoetha-
nol (1-META) in 30% yield. o-TA and meso-TA-based dithiol
monomers were synthesized using a similar method to afford
the corresponding 1:2 adducts (p-META and meso-META) in
25% and 20% yields, respectively. The 'H- and **C NMR spectra
confirmed the targeted structures of 1-META, p-META, and
meso-META (Fig. S5-S10t). To verify whether racemization
occurred, we performed optical rotation measurements of the
METAs in tetrahydrofuran at 25 °C. The specific rotations
[«]5 of 1-META, p-META, and meso-META were +10.42, —10.42,
and +0.18, respectively, indicating that the stereochemistries of
the tartaric acids were preserved during the Sc(OTf);-catalyzed
esterification.

Next, we demonstrated the Michael polyaddition of IMDA
and ISDA with three types of META (1-, p-, and meso-) as shown
in Scheme 2. The monomer solution was stirred in dry DMF at
40 °C for 24 h, catalyzed by TEA (10 mol% relative to the
monomer). The results are summarized in Table 1. After the
reaction, the reaction mixtures were diluted with CHCI; and
poured into an excess of n-hexane, a poor solvent, to precipitate
a polymeric syrup. The synthesized polymers were soluble in
general organic solvents (CHCl;, THF, DMF, efc.) but not in
water. The "H and C NMR spectra confirmed the corre-
sponding poly(IMDA-alt-META)s (Fig. 2 and S11-S15) and pol-
y(ISDA-alt-META)s  (Fig. S16-S21%), indicating that the

o ' oH \)LCI j\ °°
r% _acryloyl chloride \(
TEA
HO [¢] DCM, 0°C->r.t,, 2h  jsomannide bls(acrylate) (IMDA)

H

isomannide, isosorbide isosorbide bis(acrylate) (ISDA)

gH o o OH
HO. HO
OH NN HS g SN,
2-mercaptoethanol
O OH. Sc(OTf); ) OIS0
tartaric acid bulk, 70°C, 48h bis(2-mercaptoethyl) tartarate (META)

(L-, D-, meso-) (L=, D-, meso-)

Scheme 1 Preparation of diacrylates containing dianhydrosugars and
dithiols containing tartaric acids via esterification.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Synthesis of bio-based poly(ester-thioether)s via Michael-
type thiol-ene polyaddition.

polyaddition occurred via a Michael-type thiol-ene click mech-
anism, with a total initial monomer concentration [M], of 1.0 M.

SEC measurements showed that the M, of the poly(ester-
thioether)s ranged from 8.2 x 10% to 9.2 x 10°, with a molec-
ular weight distribution (M,/M,) of 1.29-1.51 (entries 1-6 in
Table 1, see also Fig. S22 and $237%). The yields were almost
quantitative, ranging from 80% to 99%. The yields were inde-
pendent of the monomer used in this polymerization, and
polymers with similar molecular weights were obtained. DSC
measurements of all the poly(ester-thioether)s indicated
a single glass transition temperature (7,) in each scan, with no
endothermic traces, revealing the absence of crystalline regions
which melt under the examined circumstances (Fig. S24 and
S257). The T, values ranged from —8 to 14 °C, with poly(IMDA-
alt1-META) exhibiting the highest T,. We also synthesized
poly(ester-thioether)s containing dianhydrosugars and tartaric
acids via radical thiol-ene click polymerization. In this case, the
combination of IM and r-TA units also showed the highest T, of
21 °C (Scheme S1 and Table S17). The differences in T, are
probably due to the particular diastereomers involved. The
poly(ester-thioether) synthesized from the combination of IM
and -TA may facilitate stronger hydrogen bonding between
polymer chains, which restricts molecular motion and increases
the T,.

In the biochemical oxygen demand (BOD) measurement of
the synthesized poly(ester-thioether)s in active sludge (pH 7.4),
poly(IMDA-alt-.-META), poly(IMDA-alt-0-META), and poly(-
IMDA-alt-meso-META) all showed biodegradability, with 28%,
15%, and 6% of degree of biodegradation (BOD/TOD, %),
respectively, over a 30 days test period (Fig. 3). Aniline was used
as a reference compound for the positive control in this BOD

Table 1 Thiol-Michael type polyaddition of IMDA and ISDA with META
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OH O n
poly(IMDA-alt-META)( . D-, meso-)
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°EZ° meso- : 6%
15
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o
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°e 5 10 15 20 25 30
Days
OH
(o}
(oA
Hdo 0 OH o n
poly(ISDA-alt-META) (L -, D-, meso-)

meso- : 16%
D-:9%

BOD/TOD (%)

15
Days

Fig. 3 BOD/TOD profiles of the biodegradation of poly(IMDA-alt-
META) and poly(ISDA-alt-META) (L-, b-, and meso-) in active sludge.

measurement (Fig. S261). Using the same measurement
procedure, poly(ISDA-alt-.-META), poly(ISDA-alt-p-META), and
poly(ISDA-alt-meso-META) showed biodegradability with 3%,
9%, and 16% degradation, respectively (Fig. 3). The biode-
gradability of polymers containing IM followed the order: pol-
y(IMDA-alt-1-META) (28%), poly(IMDA-alt-0-META) (15%), and
poly(IMDA-alt-meso-META) (6%). In contrast, for the polymers
containing IS, biodegradability followed the order: poly(ISDA-
alt-meso-META) (16%), poly(ISDA-alt-p-META) (9%), and poly(-
ISDA-alt-.-META) (3%). The biodegradability of six similar dia-
stereomeric poly(ester-thioether)s, including poly(i-ATA-alt-
MAIM) synthesized via a radical mechanism, showed the same
trend (see Table S17). In the SEC charts of poly(L-ATA-alt-MAIM)
before and after BOD (biodegradation) test (see Fig. S271), the
peak maximum shifted to the lower molecular weight region
after the test, indicating scission of the poly(L-ATA-alt-MAIM)
main chains. These results suggest that the stereochemistry of
the diastereomers as monomers affect their biodegradability.

Entry Diacrylate® Dithiol® M," (kg mol™?) M, /M,° DP* ! (°C) Yield (%)
1 IMDA L-META 8.2 1.51 15 14 87
2 IMDA pD-META 9.2 1.31 17 5 80
3 IMDA meso-META 8.9 1.29 16 -5 93
4 ISDA L-META 9.2 1.34 17 5 94
5 ISDA p-META 8.9 1.32 16 —6 99
6 ISDA meso-META 9.0 1.34 16 -8 99

“ Conditions: in DMF at 40 °C for 24 h using TEA (10% relative to monomers). ”
in DMF. © DP is the degree of polymerization, calculated by M,/M;, where M, is the molecular weight of the monomer unit.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Determined by SEC measurement based on a llnear PMMA standard
4 Determined by DSC.
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Poly(IMDA-alt-.-META) also exhibited the highest values for
both glass transition temperature and biodegradability,
demonstrating enhanced thermal properties and improved
biodegradability.

We also evaluated the enzymatic hydrolysis of the same
poly(ester-thioether)s using total organic carbon (TOC)
measurement. Enzymatic degradability was evaluated by
measuring the carbon content of the degradation products
produced during enzymatic degradation. Each polymer was
placed in a buffer solution, and the samples with and without
enzyme were incubated at 37 °C for 24 h to measure the TOC
values. All samples showed higher TOC values in the presence
of lipase, confirming that enzymatic degradation occurred
(Fig. 4). The extent of enzymatic degradation was determined by
subtracting the TOC value of the sample without enzyme from
that with enzyme, thereby excluding the hydrolysis component
(Fig. 4; red arrow marks). The TOC values for poly(IMDA-alt-L-
META) (197.1 ppm) and poly(IMDA-alt-0-META) (169.7 ppm)
were higher than that of poly(IMDA-alt-meso-META) (79.0 ppm).
In contrast, poly(ISDA-alt-meso-META) (105.6 ppm) exhibited
a higher TOC value than poly(ISDA-alt-.-META) (70.5 ppm) and
poly(ISDA-alt-0-META) (51.2 ppm). These results showed a trend
similar to the corresponding BOD results, suggesting that dia-
stereomers affect the substrate specificity of the enzyme,
thereby affecting biodegradability.

Previous studies** have shown that poly(ester-thioether)s
containing tartarate units show differences in biodegradability
depending on the stereochemistry (diastereoselectivity) of the
tartarate unit.> On the other hand, poly(ester-thioether)s con-
taining dianhydrosugars units do not show stereochemistry-
dependent differences in biodegradation, and their BOD
values are lower than those of poly(ester-thioether)s containing
tartrate units.”> Based on our reported results and the findings
of this study, we can draw two conclusions. First, tartarate units
are preferentially degraded in this biodegradation test, with
biodegradability varying depending on the stereochemistry of
the tartarate unit. Second, the biodegradation of tartrate units is
affected by differences in the stereochemistry (diaster-
eoselectivity) of the dianhydrosugars, namely isomannide and
isosorbide. We also performed semiempirical molecular calcu-
lation using the MM2 method on the repeating units of the six
poly(ester-thioether) diastereomers (Fig. S287). The projections

1350

+70.5
+197.1
koo L A
g_ 1250 - +51.2
2 200 1 +105.6
=
O 150
'9 1100
1050 I
1000
og% <> 0_«» o:\P»
A\ \4 o© " N4 e®
W W & &° ° R

R ¢
M buffer (pH=6.8) buffer (pH=6.8) + lipase

Fig. 4 Results of TOC measurement test for poly(ester-thioether)s
(runs 1-6) after incubation at 37 °C for 24 h in buffer solution (pH 6.8)
with (yellow bars) and without (blue bars) lipase.
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suggest that hydrolysis of the ester bonds in tartarate units are
influenced by the steric hindrance of neighboring dianhy-
drosugar units.

Conclusions

Using the dianhydrosugars as starting materials, we prepared
the diacrylates: isosorbide bis(acrylate) (ISDA) and isomannide
bis(acrylate) (IMDA). Chemoselective esterification of tartaric
acids with 2-mercaptoethanol, using scandium triflate
[Sc(OTf);] as the chemoselective esterification catalyst, resulted
in the formation of three dithiol monomers: 1i-bis(2-
mercaptoethyl)tartrate (META), p-META, and meso-META.
These were synthesized by esterifying p-, 1- and meso-tartaric
acid with the primary alcohol. Subsequent triethylamine-
catalyzed thiol-Michael polyaddition of the dianhydrosugar-
based diacrylates, ISDA and IMDA, with the tartaric acid-
based dithiols yielded the expected six diastereomeric
poly(ester-thioether)s (My, 8.2 x 10° to 9.2 x 10°; M/M,, 1.29-
1.51). A biodegradation test, evaluated through BOD measure-
ments, revealed that for poly(ester-thioether)s containing IM,
biodegradability followed the order: poly(IMDA-alt-.-META)
(28%), poly(IMDA-alt-p-META) (15%), and poly(IMDA-alt-meso-
META) (6%). In contrast, for poly(ester-thioether)s containing
IS, the biodegradability followed the order: poly(ISDA-alt-meso-
META) (16%), poly(ISDA-alt->-META) (9%), and poly(ISDA-alt-L-
META) (3%). An enzymatic hydrolysis test, monitored by TOC
measurements, yielded results consistent with the BOD find-
ings. In this study, poly(IMDA-alt-.-META) also exhibited the
highest values for both glass transition temperature and
biodegradability, demonstrating improvements in both biode-
gradability and thermal properties. These results suggest that
the stereochemistry of the diastereomers as monomers affects
their biodegradability. These results could accelerate the
development of new biodegradable polymers via click poly-
merization, as well as biomass-based polymers.
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