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ABSTRACT: Using scandium triflate [Sc(OTf)3] as a catalyst, chemo-
selective esterification of tartaric acids by 3-butene-1-ol was performed, and
we produced three dialkene monomers: L-di(3-butenyl) tartrate (BTA), D-
BTA, and meso-BTA. Thiol−ene polyaddition of these dialkenyl tartrates
and dithiols including 1,2-ethanedithiol (ED), ethylene bis(thioglycolate)
(EBTG), and D,L-dithiothreitol (DTT) proceeded in toluene at 70 °C under
nitrogen to give tartrate-containing poly(ester-thioether)s (Mn, (4.2−9.0) ×
103; molecular weight distribution (Mw/Mn), 1.6−2.5). In differential
scanning calorimetry, the poly(ester-thioether)s showed single Tgs between
−25 and −8 °C. In biochemical oxygen demand (BOD) tests using
activated sludge, poly(L-BTA-alt-EBTG) and poly(L-BTA-alt-ED) showed
32 and 8% biodegradability, which is comparable to that of similar L-malate-
containing poly(ester-thioether)s (23 and 13% biodegradation, respec-
tively). Notably, we observed enantio and diastereo effects on biodegradation because poly(L-BTA-alt-EBTG), poly(D-BTA-alt-
EBTG), and poly(meso-BTA-alt- EBTG) showed different degradation behaviors during the biodegradation test (BOD/theoretical
oxygen demand (TOD) values after 28 days, 32, 70, and 43%, respectively). Our findings provide insights into the design of
biomass-based biodegradable polymers containing chiral centers.

■ INTRODUCTION
Biodegradability, as well as fine-tuning of polyesters or
polyester-based plastics, is currently an important research
subject in polymer chemistry.1−6 Polyester design based on
biorefinery carbon sources is one of the promising approaches
toward this goal. Several reports have described carbohydrate-
based polymeric materials;7−16 among them, some polymers
show excellent biodegradability, as well as thermal proper-
ties11−16 when 1,4:3,6-dianhydrohexitols are incorporated into
the polymer backbone.13−16 In addition to exploring the
biodegradability of these polymers, investigating new synthetic
strategies remains one of the most urgent areas of research.
In the past decade, the development of “click chemistry” has

become one of the most important procedures for the
formation of covalent bonds. Click chemistry enables us to
link monomer units via different chemical bonds in contrast to
conventional step and chain polymerizations. In particular, the
“click” reactions pioneered by Sharpless and co-workers17 are
useful for the preparation of various organic compounds
including polymer molecules. The copper-catalyzed “click”
reaction17,18 performs a 1,3-dipolar cycloaddition between
azides and alkynes effectively, even at ambient temperatures,
and the orthogonality is extremely high. Since its inception,
optimized reaction conditions and applications to biomedical
substances have been reported for “click” chemistry; however,
its application in the academic field of polymer chemistry is
still relatively limited.19−25 We have already reported several

examples using copper-catalyzed alkyne−azide18 and thiol−
ene26 click polymerizations to afford polyesters consisting of a
triazole ring,27,28 thioether,29 and ether−sulfone29 moieties,
respectively. As far as we know, however, there have been few
reports of biodegradable polymers synthesized by click
polymerization, although click polymerizations of biomass-
based monomers are already reported.30−33 In 2021, we also
used thiol−ene click polymerization to synthesize L-malic acid-
based poly(ester-thiether)s, which had a biodegradability
(biochemical oxygen demand (BOD)/theoretical oxygen
demand (TOD)) of 13−23%.34 In this study, the dialkene
monomers were derived from chemoselective esterification of
L-malic acid by 3-butene-1-ol because we had previously
reported chemoselective direct polyesterification of L-malic
acid or tartaric acid35,36 catalyzed by scandium trifluorome-
thanesulfonate [Sc(OTf)3].

37,38

In the present study, we prepared the targeted tartrate-
containing poly(ester-thioether)s via thiol−ene click polymer-
ization (Scheme 1) in order to compare with our reported L-
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malic acid-based poly (ester-thioether)s,34 in which the tartaric
acid-based dialkenes were similarly derived from chemo-
selective esterification of L-, D-, and meso-tartaric acids by 3-
butene-1-ol, and we evaluated their biodegradability by
biochemical oxygen demand (BOD).

■ EXPERIMENTAL SECTION
Materials. L-Tartaric, D-tartaric, and meso-tartaric acids

were purchased from Nacalai Tesque. 3-Buten-1-ol, Sc(OTf)3,
ethylene bis(thioglycolate) (EBTG), 1,2-ethanedithiol (ED),
D,L-dithiothreitol (DTT), 1,4-butanedithiol (BD), and 2,2′-
azobis(isobutyronitrile) (AIBN) were obtained from Wako
Pure Chemical Industries.
Measurement. 1H NMR (400 MHz) measurements were

acquired at 27 °C on a Bruker Analytik DPX400 spectrometer
with tetramethylsilane (TMS) as an internal standard (0 ppm).
The number-average molecular weight (Mn) and molecular

weight distribution (Mw/Mn) of the polymers were measured
by using a size exclusion chromatography (SEC) system
consisting of a JASCO PU-4185 pump system, a JASCO RI-
4035 differential refractometer, a TSK-gel supermultipore-M
column, and a JASCO co-2065 plus intelligent column oven
(eluent, tetrahydrofuran; flow rate, 0.35 mL min−1; temper-
ature, 40 °C; Tosoh Corp.), calibrated by a poly(styrene)
standard. Differential scanning calorimetry (DSC) measure-
ments were performed with a DSC7020 instrument
(HITACHI). The heating was conducted from 30 to 80 °C;
the temperature was then cooled to −100 °C. The second scan
was conducted from −90 to 80 °C. The rate of temperature
change was 10 °C min−1, and all measurements were
performed under N2 gas flow. The specific rotation ([α]D25)
was measured in a THF solution (0.01 g mL−1) at 25 °C using
a JASCO P-1000 digital polarimeter.

Scheme 1. Synthetic Scheme for Tartaric Acid-Based Poly(ester-thioether) via Thiol−Ene Click Polymerization

Figure 1. 1H NMR spectra of poly(BTA-alt-EBTG)s (in DMSO-d6, 400 MHz, TMS).
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Synthesis of Poly(ester-thioether)s via Thiol−Ene Poly-
merization. BTA and an equimolar amount of each dithiol
were mixed with an azo-type initiator (2,2′-azobis-
(isobutyronitrile); 1 mol % to BTA) and toluene in an
eggplant flask. After the mixture was stirred at 70 °C under a
N2 atmosphere for the indicated times, reprecipitation using
chloroform and n-hexane as a good and a poor solvent,
respectively, was carried out, and the precipitate was isolated
by vacuum filtration and drying under reduced pressure. The
characterization of the poly(ester-thioether)s was carried out
using NMR, SEC, and DSC.

Poly(L-BTA-alt-EBTG), 85% Yield. 1H NMR (400 MHz,
DMSO-d6, δ, ppm): 1.60 [dt, 4H, −CH2CH2CH2OC(�O)−,
7.4 Hz], 1.66 [dt, 4H, −CH2CH2OC(�O)−, 6.5 Hz], 2.60−
2.66 [br, 4H, −CH2CH2CH2CH2OC(�O)−], 3.17 [d, 4H,
−OC(�O)CH2S−, 5.0 Hz], 4.09 [t, 4H, −CH2OC(�
O)CH(−OH)− , 7.5 Hz], 4.28 [t, 4H, −C(�O)-
OCH2CH2OC(�O)−, 5.7 Hz], 4.41 [d, 2H OC(�O)-
CH(−OH)CH(−OH)−,7.9 Hz], 5.47 [d, 2H −CH(−OH)−,
7.8 Hz] (Figure 1).

Poly(D-BTA-alt-EBTG), 77% Yield. 1H NMR (400 MHz,
DMSO-d6, δ, ppm): 1.57 [dt, 4H, −CH2CH2CH2OC(�O),
16.0 Hz], 1.67 [dt, 4H, −CH2CH2OC(�O)−, 13.0 Hz],
2.55−2.66 [brm, 4H, −CH2CH2CH2CH2OC(�O)−], 3.39
[d, 4H, −OC(�O)CH2S−, 12.8 Hz], 4.10 [t, 4H, −CH2OC-
(�O)CH(−OH)−, 6.1 Hz], 4.44 [t, 4H, −C(�O)-
OCH2CH2OC(�O)−, 7.2 Hz], 4.42 [d, 2H OC(�O)-
CH(−OH)CH(−OH)−, 7.8 Hz], 5.47 [d, 2H −CH(−OH)−,
7.8 Hz] (Figure 1).

Poly(meso-BTA-alt-EBTG), 72% Yield. 1H NMR (400 MHz,
DMSO-d6, δ, ppm): 1.59 [dt, 4H, −CH2CH2CH2OC(�O)−,
11.6 Hz], 1.65 [dt, 4H, −CH2CH2OC(�O)−, 13.5 Hz],
2.60−2.66 [br, 4H, −SCH2−], 3.59 [d, 4H, −OC(�
O)CH2S−, 6.6 Hz], 4.05 [t, 4H, −CH2OC(�O)CH-
(−OH)−, 6.2 Hz], 4.30 [t, 4H, −C(�O)OCH2CH2OC(�
O)−, 5.4 Hz], 4.67 [d, 2H OC(�O)CH(−OH)CH(−OH)−,
6.2 Hz], 5.73 [d, 2H −CH(−OH)−, 4.8 Hz] (Figure 1).

Poly(L-BTA-alt-DTT), 73% Yield. 1H NMR (400 MHz,
DMSO-d6, δ, ppm): 1.55 [t, 4H, −CH2CH2CH2OC(�O)−,
14.2 Hz], 1.67 [t, 4H, −CH2CH2OC(�O)−, 13.5 Hz], 2.34
[d, 4H, −SCH2C(−OH)−, 1.9 Hz], 2.65−2.70 [brm, 4H,
−SCH2CH2−], 3.59 [d, 2H, −SCH2CH(−OH), 6.2 Hz], 4.10
[t, 4H, −CH2OC(�O)CH(−OH)−, 6.4 Hz], 4.40 [d, 2H,
−SCH2C(−OH)−, 5.36Hz], 4.69 [d, 2H, OC(�O)-
CH(−OH)CH(−OH)−, 5.4 Hz], 5.48 [d, 2H −OC(�
O)CH(−OH)−, 5.8 Hz] (Figure S8).

Poly(D-BTA-alt-DTT), 83% Yield. 1H NMR (400 MHz,
DMSO-d6, δ, ppm): 1.59 [t, 4H, −CH2CH2CH2OC(�O)−,
15.0 Hz], 1.67 [t, 4H, −CH2CH2OC(�O)−, 14.9 Hz], 2.33
[d, 4H, −SCH2C(−OH)−, 1.82 Hz], 2.58−2.69 [brm, 4H,
−SCH2CH2−], 3.59 [t, 2H, −SCH2CH(−OH), 6.4 Hz], 4.10
[t, 4H, −CH2OC(�O)CH(−OH)−, 6.4 Hz], 4.41 [d, 2H
−SCH2C(−OH)−, 7.1 Hz], 4.67 [d, 2H, OC(�O)-

CH(−OH)CH(−OH)−, 6.6 Hz], 5.47 [d, 2H −OC(�
O)CH(−OH)−, 7.1 Hz] (Figure S9).

Poly(meso-BTA-alt-DTT), 88% Yield. 1H NMR (400 MHz,
DMSO-d6, δ, ppm): 1.52−1.64 [br, 4H, −CH2CH2CH2OC-
(�O)−], 1.64−1.73 [br, 4H, −CH2CH2OC(�O)−], 2.33
[d, 4H, −SCH2C(−OH)−, 14.2 Hz], 2.58−2.66 [br, 4H,
−SCH2CH2−], 3.61 [t, 2H, −SCH2CH(−OH), 6.7 Hz], 4.05
[t, 4H, −CH2OC(�O)CH(−OH)−, 11.4 Hz], 4.23 [s, 2H
OC(�O)CH(−OH)CH(−OH)−], 4.31 [d, 2H, −SCH2C-
(−OH)−, 5.0 Hz], 5.72 [d, 2H −OC(�O)CH(−OH)−, 4.6
Hz] (Figure S10).

Examination of Biodegradation of Poly(ester-thioether)
by BOD Testing. About 10 mg of each poly(ester-thioether)-
casted film was dissolved into 10 mL of tetrahydrofuran and
placed in a bottle (n = 2 per polymer). Activated sludge (2.65
mg mL−1), obtained from the Nagoya City Waterworks and
Sewerage Bureau, was added to the incubation medium (11.46
mL) comprising in mg L−1: K2HPO4, 218; KH2PO4, 85;
Na2HPO4, 334; NH4Cl, 5; CaCl2, 28; MgSO4·7H2O, 23; and
FeCl3·6H2O, 0.25. The prepared incubation medium (pH 7.2−
7.6) containing activated sludge was then added to each
sample bottle to give a fixed polymer concentration (100 mg
L−1). Aniline was also examined as a reference compound.
Bottles were incubated in a water bath at 25 °C for 28 days,
and changes in the bottle atmosphere were recorded. BOD at
25 °C was determined by oxygen consumption using a BOD
tester (model 200F, TAITEC Co., Koshigaya-shi, Japan),
essentially according to ISO standard guidelines (ISO 14851).
Values are presented as a ratio of theoretical oxygen demand
(TOD; i.e., BOD/TOD, %) with experimental errors of ±5%.

Hydrolysis Test of Poly(BTA-alt-DTT)s. We conducted a
weekly hydrolysis test of 10 mg of each sample using the basic
culture medium that was also used for the BOD test at 25 °C
for 7 days. After the test, the water was removed, the weight of
each sample was measured, and the molecular weight and
molecular weight distribution were determined by SEC
calibrated based on linear PSt standards in THF (Table S1).

■ RESULTS AND DISCUSSION
First, we carried out monomer synthesis by chemoselective
esterification of L-, D-, and meso-tartaric acids using an excess
amount of 3-butene-1-ol (2 equiv), which proceeded in a bulk
condition using 1 mol % of Sc(OTf)3 as a catalyst (Scheme 2
and for the experimental procedure, please see Supporting
Information). On stirring at room temperature for 24 h, the
expected L- (Figure S1), D- (Figure S2), and meso-di(3-
butenyl) tartrates (Figure S3) (L-, D-, and meso-BTAs) were
prepared in 33, 32, and 37% yields, respectively (see also
Figures S4-S6).
Next, we demonstrated the polyaddition of the BTAs with

three kinds of alkanedithiol, namely, ED (Figure S7), EBTG
(Figure 1), and DTT (Figures S8-10) according to Scheme 1,
in which the reaction mixture was stirred in toluene at 70 °C

Scheme 2. Preparation of Di(3-butenyl) Tartrates via Chemoselective Esterification of L-, D-, and meso-Tartaric Acids by 3-
Butene-1-ol (2 equiv to −COOH)
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for 24 h using AIBN (1 mol % to dithiol) as a radical trigger
(Table 1). After the reaction, the reaction mixture was added
to an excess methanol solvent to precipitate a polymeric
material. 1H NMR indicated the corresponding poly(BTA-alt-
EBTG)s (Figure 1) and poly(BTA-alt-ED)s (run 1 in Table 1
and Figure S7), which confirmed that the polyaddition
proceeded via thiol−ene click polymerization (total monomer
initial concentration [M]0 = 1.0 M).
Using the SEC measurements, Mns of the poly(BTA-alt-

EBTG)s ranged from 3.3 × 103 to 7.4 × 103 with a molecular
weight distribution (Mw/Mn) of 1.6−1.8 (runs 2−4 in Table
1). Polyaddition of BTAs with DTT also occurred to afford
poly(L-BTA-alt-DTT) (run 5 in Table 1: Mn = 1.0 × 103, Mw/
Mn = 2.1, Figure S8), poly(D-BTA-alt-DTT) (run 6 in Table 1:
Mn = 1.1 × 103, Mw/Mn = 1.3, Figure S9), and poly(run 7 in
Table 1: meso-BTA-alt-DTT) (Mn = 0.9 × 103, Mw/Mn = 1.4,
Figure S10), respectively. Because the molecular mass did not
increase, the same operation was performed using a higher
total monomer concentration ([M]0 = 15 M) close to the bulk
condition. As a result, Mns of the poly(L-BTA-alt-DTT)s
ranged from 1.9 × 103 to 3.3 × 103 with a molecular weight
distribution (Mw/Mn) of 1.4−2.0 (runs 10−11 in Table 1).
The yields were also satisfactory at 64−96%. DSC of all of the
poly(ester-thioethers)s gave single glass transition (Tg) in each
run and did not show endothermic peaks, indicating the
absence of crystalline domains that melt under the examined

conditions. The Tg of poly(L-BTA-alt-DTT)s (−13 to −8 °C)
tended to be higher than that of poly(L-BTA-alt-EBTG)s (−25
to −20 °C). The higher Tg values indicated more restricted
molecular motion of poly(L-BTA-alt-DTT)s as compared with
poly(L-BTA-alt-EBTG)s, which might be the reason for the
lower Mn values. The specific rotation ([α]D25) of the
poly(ester-thoether)s consisting of tartaric acids was also
measured in THF using a polarimeter (Table 1). The
poly(ester-thioether)s containing L-BTA (runs 2, 5, 8) and
D-BTA (runs 3, 6, 11) showed positive and negative signs,
respectively, with the same absolute values, indicating that no
racemization occurred during the step polymerization. As a
negative control, the poly(ester-thoether)s containing meso-
BTA (runs 4, 7, 12) did not show optical activities.
In the biochemical oxygen demand (BOD) test using

activated sludge, poly(L-BTA-alt-EBTG), poly(D-BTA-alt-
EBTG), and poly(meso-BTA-alt-EBTG) all showed biodegrad-
ability, with 32, 70, and 43% biodegradation (as defined by
BOD/TOD), respectively, after 28 days (Figure 2), in which
time retardation of the degradation was not apparent.
Interestingly, we observed both enantio and diastereo effects
on biodegradation; in other words, the degradation of poly(D-
BTA-alt-EBTG) (70%) was relatively higher than that of
poly(L-BTA-alt-EBTG) (32%) or poly(meso-BTA-alt-EBTG)
(43%). Tgs of poly(L-BTA-alt-EBTG) (−20 °C), poly(D-BTA-
alt-EBTG) (−22 °C), and poly(meso-BTA-alt-EBTG) (−25

Table 1. Thiol−Ene Polymerization of BTA with Dithiolsa

run dialkene monomer dithiol yieldb (%) Mn
c (kDa) Mw/Mn

c Xn
c Tg

d (°C) BODe (%) [α]D25h (degree)

1 L-BTA ED 82 9.0 2.5 50 −12 8 +11.2
2 L-BTA EBTG 85 7.4 1.7 32 −20 32 +7.4
3 D-BTA EBTG 77 4.2 1.8 18 −22 70 −8.5
4 meso-BTA EBTG 72 3.3 1.6 14 −25 43 −0.6
5 L-BTA DTT 73 1.0 2.1 4.8 −11 10 +10.7
6 D-BTA DTT 83 1.1 1.3 5.2 −13 2 −10.5
7 meso-BTA DTT 88 0.9 1.4 4.4 −8 2 −0.1
8f L-BMA ED 42 5.3 1.6 24 −47 13
9f L-BMA EBTG 58 4.4 1.7 20 −41 23
10g L-BTA DTT 96 3.3 1.9 16 −9 21 +10.7
11g D-BTA DTT 84 3.2 2.0 16 −8 23 −10.5
12g meso-BTA DTT 64 1.9 1.4 9.0 −8 21 −0.1

aConditions: in toluene ([M]0 = 1.0) at 70 °C for 24 h using AIBN (1 mol % to dithiol). bAfter reprecipitation using chloroform and n-hexane as a
good and a poor solvent, respectively. cDetermined by SEC calibrated based on linear PSt standards in THF. dDetermined by DSC measurements
(heating rate: 10 °C min−1). eBOD/TOD after 28 days. fRuns 8 and 9 were data from ref 34. gConditions: higher total monomer concentration
[M]0 of 15.0 M. hSpecific rotation measured by a polarimeter in THF (0.01 g mL−1).

Figure 2. Changes of BOD/TOD values in the biodegradation of poly(L-BTA-alt-EBTG) (Mn = 7.4 × 103), poly(D-BTA-alt-EGTG) (Mn = 4.2 ×
103), and poly(meso-BTA-alt-EBTG) (Mn = 3.3 × 103) in activated sludge (25 °C).
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°C) were almost the same (see Table 1). Therefore, we
expected that the fast degradation of poly(D-BTA-alt-EBTG) is
ascribed to substrate specificity. Compared with polyester
prepared by polycondensation of tartaric acid and 1,5-
pentandiol,36 the biodegradation of poly(ester-thioether)s is
slow because of the low molar ratio of the ester linkage in the
polymer chain.
On the other hand, we observed slow biodegradation of

poly(BTA-alt-DTT)s, whereby poly(L-BTA-alt-DTT), poly(D-
BTA-alt-DTT), and poly(meso-BTA-alt-DTT) showed 21−
23% biodegradation and poly(D -BTA-alt-DTT) indicated the
fastest biodegradation (Figure 3), even though their Mn values
were lower (Mn = (1.9−3.3) × 103). The tendency was similar
to that of poly(BTA-alt-EBTG)s. We suspect that their higher
Tg values (see above) might result in their slower
biodegradation.

In the BOD test of corresponding monomers, L-BTA, D-
BTA, and meso-BTA, as shown in Figure S11, remarkable
diastereoselectivity as well as enantioselectivity was not
confirmed, which indicated that the polymeric effect in the
poly(ester-thioether)s influenced the biodegradability.
Next, we compared the biodegradation of these poly(ester-

thioether)s with that of our previously reported malic acid-
based poly(ester-thioether)s: poly(L-BMA-alt-ED) (run 8 in
Table 1) and poly(L-BMA-alt-EBTG) (run 9 in Table 1). They
showed BOD/TOD values of 13 and 23%, respectively,34

which were comparable to the corresponding BOD/TOD
values of poly(L-BTA-alt-ED) (8%) and poly(L-BTA-alt-
EBTG) (32%), respectively. As we previously reported,34

poly(L-BMA-alt-EBTG) and poly(L-BMA-alt-ED) showed
lower Tg values (−41 and −47 °C, respectively); thus, the
asymmetric structure of the malate units and hydroxyl groups

Figure 3. Changes of BOD/TOD values in the biodegradation of poly(L-BTA-alt-DTT) (Mn = 3.3 × 103, run 10), poly(D-BTA-alt-DTT) (Mn =
3.2 × 103, run 11), and poly(meso-BTA-alt-DTT) (Mn = 1.9 × 103, run 12), in activated sludge (25 °C).

Figure 4. BOD/TOD curves of the biodegradation of poly(L-BTA-alt-DTT) (Mn = 3.3 × 103, run 10 in Table 1), poly(L-BTA-alt-DTT) (Mn = 1.0
× 103, run 5 in Table 1), and poly(L-BTA-alt-BD) (Mn = 14.0 × 103) in activated sludge (25 °C).
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in the tartrate unit via hydrogen bonding are reflected in only
Tgs, but a remarkable difference in their biodegradation in
activated sludge was not observed in this experimental
condition.
Lastly, in order to investigate the pendent hydroxyl groups

on biodegradation, we compared the biodegradation of poly(L-
BTA-alt-DTT) (Mn = 1.0 × 103 from run 5 in Table 1) and
poly(L-BTA-alt-DTT) (Mn = 3.3 × 103 from run 10 in Table
1) with poly(L-BTA-alt-BD) (Mn = 14.0 × 103) (Figure 4).
After 28 days of biodegradation, BOD/TOD values of poly(L-
BTA-alt-DTT)s (10 and 21%, respectively) were higher than
that (1%) of poly(L-BTA-alt-BD), even though the former had
a higher Tg (−11 °C) than that the Tg (−30 °C) of the latter,
in which it seems that the difference of the Mn did not
influence the biodegradation of poly(L-BTA-alt-DTT)s. As a
negative control, we demonstrated a hydrolysis test of
poly(BTA-alt-DTT)s (see Table S1). As a result, all of the
samples show a weight loss of 25−76% and decreases in
molecular weights (Mns), accompanied by a broadening of
Mw/Mn. The result suggests that they are hydrolyzed in the
absence of microorganisms, in which poly(meso-BTA-alt-
DTT) indicated the highest accessibility toward hydrolysis
and differed from the results of BOD measurements. Now we
concluded, therefore, that the pendent hydroxyl groups in the
poly(ester-thioether)s induced hydrogen bonding between
polymer backbones, which reflected in the higher Tg, and
increased hydrophilicity as well as substrate specificity
(stereochemistry) for the degradation enzyme is the reason
for the faster biodegradation.

■ CONCLUSIONS
In this study, we synthesized tartaric acid-based poly(ester-
thiether)s via thiol−ene click polymerization of dialkenes
containing L-, D-, and meso-tartrate units with several dithiols.
The polymerization proceeded via a step polymerization
mechanism to give the expected poly(ester-thiether)s. The
biodegradation of the synthesized poly(ester-thiether)s was
evaluated by the BOD value, which indicated that poly(ester-
thiether) containing D-BTA had the highest biodegradability
during the 28 day test. Both enantio and diastereo effects on
biodegradability were observed, providing insights into the
design of new types of biomass-based biodegradable polymers
containing chiral centers.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.2c07627.

Representative spectral and analytical data; 1H NMR
spectrum of L-BTA; 1H NMR spectrum of meso-BTA;
ESI-MS spectrum of L-BTA; ESI-MS spectrum of meso-
BTA; 1H NMR spectrum of poly(L-BTA-alt-DTT); 1H
NMR spectrum of poly(meso-BTA-alt-DTT); hydrolysis
test of poly(BTA-alt-DTT)s (PDF)

■ AUTHOR INFORMATION
Corresponding Author

Akinori Takasu − Department of Life Science and Applied
Chemistry, Graduate School of Engineering, Nagoya Institute
of Technology, Nagoya 466-8555, Japan; orcid.org/0000-
0003-3059-4463; Email: takasu.akinori@nitech.ac.jp

Authors
Ryota Imamura − Department of Life Science and Applied
Chemistry, Graduate School of Engineering, Nagoya Institute
of Technology, Nagoya 466-8555, Japan

Kota Oto − Department of Life Science and Applied
Chemistry, Graduate School of Engineering, Nagoya Institute
of Technology, Nagoya 466-8555, Japan

Kaho Kataoka − Department of Life Science and Applied
Chemistry, Graduate School of Engineering, Nagoya Institute
of Technology, Nagoya 466-8555, Japan

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.2c07627

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
A.T. is grateful for financial support from the Ministry of
Education, Science and Culture of Japan (Grant-in-Aid for
Development Scientific Research 21K19001).

■ REFERENCES
(1) Arias, V.; Hoglund, A.; Odelius, K.; Albertsson, A. C. Tuning the
Degradation Profiles of Poly(L-lactide)-Based Materials through
Miscibility. Biomacromolecules 2014, 15, 391−402.
(2) Michalak, M.; Hakkarainen, M.; Albertsson, A. C. Recycling
Oxidized Model Polyethylene Powder as a Degradation Enhancing
Filler for Polyethylene/Polycaprolactone Blends. Acs Sustainable
Chem. Eng. 2016, 4, 129−135.
(3) Sashiwa, H.; Fukuda, R.; Okura, T.; Sato, S.; Nakayama, A.
Microbial Degradation Behavior in Seawater of Polyester Blends
Containing Poly(3-hydroxybutyrate-co-3-hydroxyhexanoate)
(PHBHHx). Mar. Drugs 2018, 16, No. 34.
(4) Min, K.; Cuiffi, J. D.; Mathers, R. T. Ranking environmental
degradation trends of plastic marine debris based on physical
properties and molecular structure. Nat. Commun. 2020, 11, No. 727.
(5) Jayanth, D.; Kumar, P. S.; Nayak, G. C.; Kumar, J. S.; Pal, S. K.;
Rajasekar, R. A Review on Biodegradable Polymeric Materials Striving
Towards the Attainment of Green Environment. J. Polym. Environ.
2018, 26, 838−865.
(6) Tokiwa, Y.; Ando, T.; Suzuki, T.; Takeda, K. In Biodegradation of
Synthetic-Polymers Containing Ester Bonds, ACS Symposium Series,
1990; Vol. 433, pp 136−148.
(7) Moon, N. G.; Mazzini, F.; Pekkanen, A. M.; Wilts, E. M.; Long,
T. E. Sugar-Derived Poly(beta-thioester)s as a Biomedical Scaffkold.
Macromol. Chem. Phys. 2018, 219, No. 1800177.
(8) Chatti, S.; Schwarz, G.; Kricheldorf, H. R. Cyclic and noncyclic
polycarbonates of isosorbide (1,4: 3,6-dianhydro-D-glucitol). Macro-
molecules 2006, 39, 9064−9070.
(9) Kasmi, N.; Ainali, N. M.; Agapiou, E.; Papadopoulos, L.;
Papageorgiou, G. Z.; Bikiaris, D. N. Novel high T-g fully biobased
poly(hexamethylene-co-isosorbide-2,5-furan dicarboxylate) copolyest-
ers: Synergistic effect of isosorbide insertion on thermal performance
enhancement. Polym. Degrad. Stab. 2019, 169, No. 108983.
(10) Galbis, J. A.; Garcia-Martin, M. D.; de Paz, M. V.; Galbis, E.
Synthetic Polymers from Sugar-Based Monomers. Chem. Rev. 2016,
116, 1600−1636.
(11) Takasu, A.; Itou, H.; Takada, M.; Inai, Y.; Hirabayashi, T.
Accelerated biodegradation of poly(vinyl alcohol) by a glycosidation
of the hydroxyl groups. Polymer 2002, 43, 227−231.
(12) Takasu, A.; Takada, M.; Itou, H.; Hirabayashi, T.; Kinoshita, T.
Accelerated biodegradation of poly(vinyl alcohol) by glycosidations of
the hydroxyl groups or addition of sugars. Biomacromolecules 2004, 5,
1029−1037.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c07627
ACS Omega 2023, 8, 23358−23364

23363

https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c07627/suppl_file/ao2c07627_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07627?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c07627/suppl_file/ao2c07627_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Akinori+Takasu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3059-4463
https://orcid.org/0000-0003-3059-4463
mailto:takasu.akinori@nitech.ac.jp
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ryota+Imamura"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kota+Oto"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kaho+Kataoka"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07627?ref=pdf
https://doi.org/10.1021/bm401667b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bm401667b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bm401667b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.5b00858?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.5b00858?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.5b00858?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/md16010034
https://doi.org/10.3390/md16010034
https://doi.org/10.3390/md16010034
https://doi.org/10.1038/s41467-020-14538-z
https://doi.org/10.1038/s41467-020-14538-z
https://doi.org/10.1038/s41467-020-14538-z
https://doi.org/10.1007/s10924-017-0985-6
https://doi.org/10.1007/s10924-017-0985-6
https://doi.org/10.1002/macp.201800177
https://doi.org/10.1021/ma0606051?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma0606051?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.polymdegradstab.2019.108983
https://doi.org/10.1016/j.polymdegradstab.2019.108983
https://doi.org/10.1016/j.polymdegradstab.2019.108983
https://doi.org/10.1016/j.polymdegradstab.2019.108983
https://doi.org/10.1021/acs.chemrev.5b00242?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0032-3861(01)00583-3
https://doi.org/10.1016/S0032-3861(01)00583-3
https://doi.org/10.1021/bm034527q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bm034527q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07627?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(13) Okada, M.; Okada, Y.; Aoi, K. Synthesis and Degradabilities of
Polyesters from 1,4/3,6-Dianhydrohexitols and Aliphatic Dicarbox-
ylic-Acids. J. Polym. Sci., Part A: Polym. Chem. 1995, 33, 2813−2820.
(14) Okada, M.; Yamada, M.; Yokoe, M.; Aoi, K. Biodegradable
polymers based on renewable resources. V. Synthesis and biode-
gradation behavior of poly(ester amide)s composed of 1,4: 3,6-
dianhydro-D-glucitol, alpha-amino acid, and aliphatic dicarboxylic
acid units. J. Appl. Polym. Sci. 2001, 81, 2721−2734.
(15) Okada, M.; Yokoe, M.; Aoi, K. Biodegradable polymers based
on renewable resources. VI. Synthesis and biodegradability of
poly(ester carbonate)s containing 1,4: 3,6-dianhydro-D-glucitol and
sebacic acid units. J. Appl. Polym. Sci. 2002, 86, 872−880.
(16) Yokoe, M.; Aoi, K.; Okada, M. Biodegradable polymers based
on renewable resources. IX. Synthesis and degradation behavior of
polycarbonates based on 1,4: 3,6-dianhydrohexitols and tartaric acid
derivatives with pendant functional groups. J. Polym. Sci., Part A:
Polym. Chem. 2005, 43, 3909−3919.
(17) Kolb, H. C.; Finn, M. G.; Sharpless, K. B. Click chemistry:
Diverse chemical function from a few good reactions. Angew. Chem.,
Int. Ed. 2001, 40, 2004−2021.
(18) Rostovtsev, V. V.; Green, L. G.; Fokin, V. V.; Sharpless, K. B. A
stepwise Huisgen cycloaddition process: Copper(I)-catalyzed regio-
selective ″ligation″ of azides and terminal alkynes. Angew. Chem.
2002, 114, 2708−2711.
(19) Díaz, D. D.; Punna, S.; Holzer, P.; Mcpherson, A. K.; Sharpless,
K. B.; Fokin, V. V.; Finn, M. G. Click chemistry in materials synthesis.
1. Adhesive polymers from copper-catalyzed azide-alkyne cyclo-
addition. J. Polym. Sci., Part A: Polym. Chem. 2004, 42, 4392−4403.
(20) Qin, A. J.; Jim, C. K. W.; Lu, W. X.; Lam, J. W. Y.; Haussler, M.;
Dong, Y. Q.; Sung, H. H. Y.; Williams, I. D.; Wong, G. K. L.; Tang, B.
Z. Click polymerization: Facile synthesis of functional poly-
(aroyltriazole)s by metal-free, regioselective 1,3-dipolar polycycload-
dition. Macromolecules 2007, 40, 2308−2317.
(21) Kobayashi, S.; Itomi, K.; Morino, K.; Iida, H.; Yashima, E.
Polymerization of an optically active phenylacetylene derivative
bearing an azide residue by click reaction and reaction with a
rhodium catalyst. Chem. Commun. 2008, 26, 3019−3021.
(22) Liu, X. M.; Thakur, A.; Wang, D. Efficient synthesis of linear
multifunctional poly(ethylene glycol) by copper(I)-catalyzed huisgen
1,3-dipolar cycloaddition. Biomacromolecules 2007, 8, 2653−2658.
(23) Maiti, S.; Samanta, P.; Biswas, G.; Dhara, D. Arm-First
Approach toward Cross-Linked Polymers with Hydrophobic Domains
via Hypervalent Iodine-Mediated Click Chemistry. Acs Omega 2018,
3, 562−575.
(24) Chen, L.; Zheng, Y. J.; Meng, X. Y.; Wei, G.; Dietliker, K.; Li, Z.
Q. Delayed Thiol-Epoxy Photopolymerization: A General and
Effective Strategy to Prepare Thick Composites. ACS Omega 2020,
5, 15192−15201.
(25) Vala, D. P.; Vala, R. M.; Patel, H. M. Versatile Synthetic
Platform for 1,2,3-Triazole Chemistry. ACS Omega 2022, 7, 36945−
36987.
(26) Hoyle, C. E.; Lee, T. Y.; Roper, T. Thiol-enes: Chemistry of the
past with promise for the future. J. Polym. Sci., Part A: Polym. Chem.
2004, 42, 5301−5338.
(27) Nagao, Y.; Takasu, A. Click Polyester: Synthesis of Polyesters
Containing Triazole Units in the Main Chain by Click Chemistry and
Improved Thermal Property. Macromol. Rapid Commun. 2009, 30,
199−203.
(28) Nagao, Y.; Takasu, A. ″Click Polyester″: Synthesis of Polyesters
Containing Triazole Units in the Main Chain via Safe and Rapid
″Click″ Chemistry and Their Properties. J. Polym. Sci., Part A: Polym.
Chem. 2010, 48, 4207−4218.
(29) Nagao, Y.; Takasu, A.; Boccaccini, A. R. Anode-Selective
Electrophoretic Deposition of a Bioactive Glass/Sulfone-Containing
Click Polyester Composite. Macromolecules 2012, 45, 3326−3334.
(30) Takeuchi, S.; Takasu, A. Synthesis and Biodegradability of
Poly(ester-urethane)s via the Thiol-Michael Polyaddition of Dianhy-
dro Sugar-Based Diacrylates. ACS Appl. Polym. Mater. 2022, 4, 4486−
4494.

(31) Lluch, C.; Ronda, J. C.; Galia,̀ M.; Lligadas, G.; Cádiz, V. Rapid
Approach to Biobased Telechelics through Two One-Pot Thiol−Ene
Click Reactions. Biomacromolecules 2010, 11, 1646−1653.
(32) Gao, Z.; You, Y.; Chen, Q.; North, M.; Xie, H. Vanillin-derived

α,ω-diene monomer forthermosets preparation via thiol−ene click
polymerization. Green Chem. 2023, 25, 172−182.
(33) Hoelscher, F.; Cardoso, P. B.; Candiotto, G.; Guindani, C.;
Feuser, P.; Arau ́jo, P. H.; Sayer, C. Claudia Sayer, In Vitro
Degradation and Cytotoxicity Response of Biobased Nanoparticles
Prepared by Thiol-ene Polymerization in Miniemulsion. J. Polym.
Environ. 2021, 29, 3668−3678.
(34) Sato, Y.; Takasu, A. Synthesis of L-Malic Acid Based
Poly(ester-thioether)s via Thiol-Ene Click Polymerization and Their
Biodegradability. ChemistrySelect 2021, 6, 9503−9507.
(35) Takasu, A.; Shibata, Y.; Narukawa, Y.; Hirabayashi, T.
Chemoselective dehydration polycondensations of dicarboxylic acids
and diols having pendant hydroxyl groups using the room
temperature polycondensation technique. Macromolecules 2007, 40,
151−153.
(36) Shibata, Y.; Takasu, A. Synthesis of Polyester Having Pendent
Hydroxyl Groups via Regioselective Dehydration Polycondensations
of Dicarboxylic Acids and Diols by Low Temperature Polycondensa-
tion. J. Polym. Sci., Part A: Polym. Chem. 2009, 47, 5747−5759.
(37) Takasu, A.; Oishi, Y.; Iio, Y.; Inai, Y.; Hirabayashi, T. Synthesis
of aliphatic polyesters by direct polyesterification of dicarboxylic acids
with diols under mild conditions catalyzed by reusable rare-earth
triflate. Macromolecules 2003, 36, 1772−1774.
(38) Takasu, A.; Iio, Y.; Oishi, Y.; Narukawa, Y.; Hirabayashi, T.
Environmentally benign polyester synthesis by room temperature
direct polycondensation of dicarboxylic acid and diol. Macromolecules
2005, 38, 1048−1050.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c07627
ACS Omega 2023, 8, 23358−23364

23364

https://doi.org/10.1002/pola.1995.080331615
https://doi.org/10.1002/pola.1995.080331615
https://doi.org/10.1002/pola.1995.080331615
https://doi.org/10.1002/app.1718
https://doi.org/10.1002/app.1718
https://doi.org/10.1002/app.1718
https://doi.org/10.1002/app.1718
https://doi.org/10.1002/app.1718
https://doi.org/10.1002/app.10995
https://doi.org/10.1002/app.10995
https://doi.org/10.1002/app.10995
https://doi.org/10.1002/app.10995
https://doi.org/10.1002/pola.20830
https://doi.org/10.1002/pola.20830
https://doi.org/10.1002/pola.20830
https://doi.org/10.1002/pola.20830
https://doi.org/10.1002/1521-3773(20010601)40:11<2004::AID-ANIE2004>3.0.CO;2-5
https://doi.org/10.1002/1521-3773(20010601)40:11<2004::AID-ANIE2004>3.0.CO;2-5
https://doi.org/10.1002/1521-3773(20020715)41:14<2596::AID-ANGE2596>3.0.CO;2-4
https://doi.org/10.1002/1521-3773(20020715)41:14<2596::AID-ANGE2596>3.0.CO;2-4
https://doi.org/10.1002/1521-3773(20020715)41:14<2596::AID-ANGE2596>3.0.CO;2-4
https://doi.org/10.1002/pola.20330
https://doi.org/10.1002/pola.20330
https://doi.org/10.1002/pola.20330
https://doi.org/10.1021/ma062859s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma062859s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma062859s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/b806343e
https://doi.org/10.1039/b806343e
https://doi.org/10.1039/b806343e
https://doi.org/10.1021/bm070430i?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bm070430i?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bm070430i?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.7b01632?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.7b01632?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.7b01632?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.0c01170?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.0c01170?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.2c04883?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.2c04883?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/pola.20366
https://doi.org/10.1002/pola.20366
https://doi.org/10.1002/marc.200800529
https://doi.org/10.1002/marc.200800529
https://doi.org/10.1002/marc.200800529
https://doi.org/10.1002/pola.24206
https://doi.org/10.1002/pola.24206
https://doi.org/10.1002/pola.24206
https://doi.org/10.1021/ma300396p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma300396p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma300396p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsapm.2c00466?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsapm.2c00466?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsapm.2c00466?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bm100290n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bm100290n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bm100290n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D2GC02901D
https://doi.org/10.1039/D2GC02901D
https://doi.org/10.1039/D2GC02901D
https://doi.org/10.1007/s10924-021-02139-w
https://doi.org/10.1007/s10924-021-02139-w
https://doi.org/10.1007/s10924-021-02139-w
https://doi.org/10.1002/slct.202101160
https://doi.org/10.1002/slct.202101160
https://doi.org/10.1002/slct.202101160
https://doi.org/10.1021/ma062514+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma062514+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma062514+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/pola.23619
https://doi.org/10.1002/pola.23619
https://doi.org/10.1002/pola.23619
https://doi.org/10.1002/pola.23619
https://doi.org/10.1021/ma021462v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma021462v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma021462v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma021462v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma0475378?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma0475378?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07627?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

