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ABSTRACT: The results of themodel reactions with ethanol or 2-propanethiol and acetic acid showed that
the dehydration condensation of the ethanol reaction was chemoselective and that thioesterification did not
occur under the conditions used. We synthesized polyesters with pendant mercapto groups by dehydration
polycondensations of diols and TMA, and as with the model reactions, esterification proceeded chemoselec-
tively and thioesterification did not occur. The pendantmercapto-containing polyesters hadMns>1.0� 104.
We also demonstrated that the pendant mercapto groups could be chemically modified by glycosylation or
cross-linked byTCDI to synthesize a gelatinousRAFTagent as a first example, which acted as aRAFTagent
in a radical polymerization to afford poly(methyl methacrylate) with a narrowmolecular weight distribution
(Mn = 8.5� 104,Mw/Mn = 1.47). These procedures could be used to produce new types of polyesters from
monomers that differ in chirality and functionality and also nanoscale-reactive media containing RAFT
agent as a cross-linker for controlled radical polymerization of vinyl monomers.

Introduction

Among the available chainpolymerizationmethods,1 theRAFT
(reversible addition-fragmentation chain transfer) process is
quite versatile in that differentmonomers and reaction conditions
can be used. Indeed, with the appropriate choice of the thiocar-
bonylthio reactant (SdC(Z)S-R), the reversible chain transfer
polymerization canbe successfully applied tomanydifferent vinyl
monomers.2

The development of step polymerization reactions has lagged
in comparison with the remarkable progress made for chain
polymerizations. For example, although the synthesis and prop-
erties of aliphatic polyesters have been widely investigated in
recent years because they have potential as biomaterials, biode-
gradable polymers, and environmentally benign materials,3 their
synthetic procedures require severe reaction conditions (200-
250 �C),4which prevents the use of thermally labile functionalized
monomers. Additionally, because most aliphatic polyesters are
hydrophobic, they cannot be functionally modified after poly-
merization as they lack the necessary reactive centers.

We have reported the direct polycondensation of dicarboxylic
acids and diols at moderate temperatures catalyzed by rare-earth
metals ligated to electron-withdrawing groups that afforded
aliphatic polyesters with number-average molecular weights
(Mns) >1.0 � 104.5 This polycondensation system can use
thermally unstable monomers that contain a carbon-carbon
double bond and a bromine.6 Furthermore, we have also shown
that chemoselective polycondensation of diols and dicarboxylic
acids that contain secondary hydroxyl groups afford hydrophilic
polyesterswith pendant secondary hydroxyl groups under kinetic
control.7

Recently, others have examined the potential of mercapto-
containing compounds (thiol-enes and thiol-ynes click reactions)

as synthetic tools8 because mercapto moieties are highly reactiv-
ity, and their work prompted us to attempt the synthesis of
macromolecules that contain pendant mercapto groups. Seabra
et al. reported polycondensations of a dicarboxylic acid that
contained a pendant mercapto group with diols that were
catalyzed by concentrated hydrochloric acid at 120 �C.9 How-
ever, they could not characterize the polyesters, e.g., by 1HNMR
spectroscopy, and they did not report polymer yields. Moreover,
Matsumura et al. reported enzyme-catalyzed chemoselective
polycondensations that gave polyesters with pendant mercapto
groups via transesterification of dimethyl mercaptosuccinate.10

However, the extent of polymerization for these polyesters was
not satisfactory [molecular weights (Mw) <14000 Da), molecu-
lar weight distributions (Mw/Mn) of 2.3-3.9, 48 h reaction time],
and the typesofmonomers that canbeused is limitedby the enzymes’
ability to recognize and react with the monomeric substrate.

For this article, we describe a facile one-step synthesis of poly-
esters that have pendant mercapto groups that relies on chemo-
selective polycondensation anduses diols and thependantmercapto-
containing dicarboxylic acid, thiomalic acid (TMA), as reactants.
The syntheses proceeded under mild conditions with scandium
trifluoromethanesulfonate [Sc(OTf)3] as the catalyst. We were
able to chemically modify (glycosylation) or, using thiocarbon-
yldiimidazole (TCDI), cross-link the polymers.

Experimental Section

Materials. Thiomalic acid (TMA), adipic acid (Ada), 1,4-
butanediol (1,4-BD), 1,5-pentanediol (1,5-PD), 1,6-hexanediol
(1,6-HD), 1,7-heptanediol (1,7-HD), 1,8-octanediol (1,8-OD),
1,9-nonanediol (1,9-ND), 1,10-decanediol (1,10-DD), 3-methyl-
1,5-pentanediol (MPD), 2-propanethiol, scandium trifluoro-
methanesulfonate [Sc(OTf)3], and 3-butene-1-ol were purchased
from Tokyo Kasei Co. (Tokyo, Japan). 2,20-Azodiisobutyro-
nitrile (AIBN) was purchased from Nacalai Tesque (Kyoto,
Japan). Chloroform, n-hexane, N,N-dimethylformamide (DMF),
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acetic acid, ethanol, toluene, tetrahydrofuran (THF), methyl
methacrylate (MMA), and styrene (St) were purified by distilla-
tion before use.

Model Chemoselective Esterification of Acetic Acid and Etha-

nol in the Presence of 2-Propanethiol. In a 10 mL round-bottom
flask, acetic acid (2.0mmol), ethanol (2.0mmol), 2-propanethiol
(1.0 mmol), and Sc(OTf)3 (0.025 mmol) were added and stirred
at room temperature for 24 h. The esterification of ethanol and
chemoselectivity in the reaction determined by 1H NMR were
54.9% and >99%, respectively.

Sc(OTf )3-Catalyzed Chemoselective Polycondensation of

TMA and 1,4-BD. A typical polycondensation procedure is as
follows. In a 10 mL round-bottom flask, TMA (2.0 mmol), 1,4-
BD (2.0 mmol), and Sc(OTf)3 (0.01 mmol) were stirred at 80 �C
(760 mmHg) until a homogeneous state was observed. The
pressure was gradually decreased to 0.3-3 mmHg, at which
point polycondensation commenced. When the reaction was
finished, the yield of the polyester was calculated by subtracting
the known weight of the catalyst from the total weight of the
solid present (<99%). After precipitating the product from
CHCl3 into n-hexane, the yield was (97%). 1HNMR (200MHz,
CDCl3, δ, ppm): 1.65-1.84 (4H, m, -OCH2CH2), 2.22 (1H, d,
9.6 Hz,-SH), 2.77 (1H, dd,-CH(SH)CHACHB, J1 = 16.9 Hz,
J2 = 6.0 Hz), 3.02 (1H, dd,-CH(SH)CHACHB, J1 = 17.0 Hz,
J2 = 8.9 Hz), 3.67-3.83 (1H, m, -CH(SH)CHACHB),
4.10-4.16 (2H, m, -CHACHBCOOCH2), 4.16-4.22 (2H, br,
-CH2OOCCH(SH)). 13C NMR (150 MHz, CDCl3, ppm): 25.2
(-OCH2CH2), 36.2 (-CH(SH)CH2), 39.8 (-CH(SH)CH2),
64.6 (-CH2OOCCH(SH)), 65.2 (-CH2COOCH2), 170.5
(-OOCCH(SH)), 172.5 (-CH2COO). FT IR (KBr disk, cm-1):
3456 (νO-H), 2926 (νC-H), 1739 [νCdO(ester)], 1469 (δC-H), 1278
and 1133 [νC-O(ester)], and 1092 [νC-O].

Glycosidation of Poly(buthylene thiomalate) Having Pendant

MercaptoGroups. In a 10mL round-bottom flask, poly(buthylene
thiomalate) (0.06 g, 0.27 mmol), GlcNAc(Ac)3-β-D-n-butenyl
(0.16 g, 0.41 mmol), and AIBN (4.5 mg, 0.027 mmol) were
dissolved in 1mLof THF.Under nitrogen, themixturewas stirred
at 60 �C for 3 h. The reactionmixture was poured into an excess of
n-hexane to precipitate out the product. The purified polymer was
dried under reduced pressure. 1H NMR (200 MHz, CHCl3, δ,
ppm): 1.64-1.75 (-OCH2CH2), 1.75-1.84 (sugar-OCH2CH2),
1.84-1.90 (-SCH2CH2), 1.90-2.13 (OCOCH3), 2.60-2.77
(-CH(SH)CHACHB and -SCH2), 2.89-3.11 (-CH(SH)CHA-
CHB), 3.47-3.63 (H-5), 3.66-3.81 (H-2and-CH(SH)CHACHB),
3.83-4.00 (sugar-OCHH2), 4.06-4.40 (-CHACHBCOOCH2,
-CH2OOCCH(SH) and-CH2OCOCH3), 4.67-4.74 (H-1), 4.99-
5.15 (H-4), 5.24-5.37 (H-3), 5.52(1H, d, 8.1 Hz, -NHCOCH3).

Preaparation of RAFT Gels. First, we prepared ternary
polyester of AdA and TMA ([AdA]0/[TMA]0 = 3/1) with 1,4-
BD. In a 10 mL round-bottom flask, poly(butylene thiomalate-
co-butylene adipate) (0.81 g, 1.0 mmol), TCDI (0.18 g, 1.0
mmol), and tributylphosphine (24.6 μL, 0.1 mmol) were dis-
solved in 10 mL of THF. Under nitrogen, the mixture was
refluxed for 2 h. When the reaction was finished, gels were
washed with THF by a Soxhlet extractor for 12 h. The purified
gels were dried under reduced pressure (57.8% yield). FT IR
(KBr disk, cm-1): 3460 (νO-H), 2958 (νC-H), 1733 [νCdO(ester)],
1461 (δC-H), 1255[νCdS(trithiocarbonate)] and 1173 [νC-O(ester)],
and 1078 [νC-O].

Radical Polymerization of MMA Using RAFT Gels. In a 10
mL round-bottom flask, RAFT gels (42.35mg, 0.05mmol) were
swollen to THF (2.0 mL). MMA (1.06 mL, 10.0 mmol) and
AIBN (4.1 mg, 0.025 mmol) were added in the mixture. Under
nitrogen, the swollen gel was heated at 60 �C for 2 h. When the
reaction finished, the gel was washed with THF, and then the
filtrate was poured into an excess of methanol to precipitate out
the product. The purified polymer was dried under reduced
pressure (80% yield).

Radical Polymerization of St Using RAFT Gels. In a 10 mL
round-bottom flask, RAFT gels (24.56 mg, 0.03 mmol) were
swollen to St (1.0 mL, 8.64 mmol). AIBN (2.4 mg, 0.015 mmol)
was added in themixture.Under nitrogen, themixturewas heated
at 110 �C for 2 h. When the reaction was finished, the polymer
was extracted from the gel by washing with chloroform and
successive evaporation.

Measurements. FT IR spectra were recorded in KBr disks
using a JASCOFT/IR-430 spectrometer. The 1H and 13CNMR
spectra were measured at 27 �C using a Bruker DPX200 (200
MHz) or Bruker DRX600 (600 MHz) spectrometer. All chemi-
cal shifts were expressed as a downfield from tetramethylsilane
(TMS). The number-average molecular weights (Mn) and the
polydispersity index (Mw/Mn) of the polymers were estimated
by size exclusion chromatography (SEC) calibrated with poly-
styrene standards using a pump system of Tosoh DP8020 with
an RI (Tosoh RI-8020) detector TSK-GEL SUPERMULTI-
POREHZ-M column (eluent, chloroform; flow rate, 0.35 mL/
min; temperature, 40 �C) or TSK-GEL R-3000 column [eluent,
DMF þ LiBr (0.05 wt %); flow rate, 0.5 mL/min; temperature,
40 �C; Tosoh Corp.]. These solvents were purified by distillation
before use. Differential scanning calorimetry (DSC), using a
DSC6220S calorimeter (Seiko Instruments Inc., Chiba, Japan),
wasperformed from-80 to180 �C,with the temperature increased
or decreased at a rate of 10 �C/min. The instrument was calibrated
using indium and tin samples. For all experimental samples, a
complete temperature heating cycle from-80 to 180 �C and back
to -80 �C was obtained. Each sample weighted between 4 and
6mgandwasplaced intoanaluminumpan thatwas coveredwith a
lid within the calorimeter. The glass transition temperature (Tg)
was takenas the inflectionpoint of the correspondingheat capacity
jump of theDSC trace. Themelting temperature (Tm) was defined
as the minimum point of the endothermic trough.

Results and Discussion

As a model for polyesterification, the direct esterification of
ethanol by acetic acid (1 mol equiv) was carried out in bulk using

Scheme 1. Direct Polycondensation of Thiomalic Acid and Diols
Catalyzed by Sc(OTf)3 and Subsequent Cross-Linking to Afford

Gelatinous RAFT Agents (“RAFT Gels”)

Scheme 2. Model Esterification of Acetic Acid and Ethanol in the
Presence of 2-Propanethiol, Catalyzed by Sc(OTf )3 at Room

Temperature
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0.5 mol % Sc(OTf)3 at room temperature for 24 h without
removing residual water. The extent of the conversion, as deter-
mined by 1H NMR spectroscopy, was 58%. Conversely, when
2-propanethiol was reacted with acetic acid, thioesterification
scarcely took place. To determine which of the nucleophilic
groups reacted more rapidly with acetic acid, we ran the reaction
using a 1:1 (mol/mol) mixture of ethanol and 2-propanethiol in
the presence of 2mol equiv of acetic acid and0.5mol%Sc(OTf)3.
Interestingly, esterification of ethanol (55% conversion) pro-
ceeded chemoselectively as thioesterification of the mercapto
group did not occur, even though the mercapto group is more
nucleophilic than is the hydroxyl group.We assume that chemos-
electivity occurred because the reactionswere thermodynamically
controlled.

Bulk polycondensations of TMA and diols (n=4, 5, 6, 7, 8, 9,
10) were carried out under reduced pressure (0.3-3.0 mmHg)
with Sc(OTf)3 as the catalyst at 80 �C (Table 1). The results
suggested that the polymers was formed via step polymerization
because their molecular weight distributions were those predicted
by Flory’s theory.11 For all runs made in the presence of Sc-
(OTf)3, polymeric solids were obtained, which were soluble in
chloroform and DMF. The first bulk polymerization that we
performed used TMA and 1,4-butanediol (1,4-BD) to produce
poly(butylene thiomalate) (run 2, Table 1). As for all the
polyesters, the Mn of poly(butylene thiomalate) was determined
using size exclusion chromatography (SEC) with DMF as the
eluent. (The relationship between elution volume and Mn was
calibrated with polystyrene standards.) The poly(butylene
thiomalate) product had an Mn of 13.9 � 104. Notably, in the
absence of catalyst, polycondensation did not occur (run 1,
Table 1). Given the appearance of the 1H and 13C NMR spectra
of poly(butylene thiomalate) (run 2), the polycondensation was
chemoselective. In the 1H and 13CNMRspectra of poly(butylene
thiomalate), peaks that could be ascribed to products of thio-
esterification or gelation were absent (Figures 1 and 2). Using the
SEC data (Mn), the calculated turnover number for poly-
(butylenes thiomalate) is 388 (mol/mol), which is a larger value

(294) than that found when 0.25 mol % Sc(OTf)3 was used for
polycondensation of methyl succinic acid with 1,4-BD.5b For
1,10-decanediol, the corresponding polyester had a larger Mn

(1.6� 104, run 8) than did poly(butylene thiomalate). The values
of the Mw/Mns for all the polymers spanned a relatively narrow
range (1.5-1.8). Finally, as expected, the polyesterifications
occurred in the absence of thioesterification or transesterification.

Wenext examinedwhether themercapto groupsof poly(butylene
thiomalate) could be modified by glycosidation (Scheme 3). As a
thiol-ene-type reaction, glycosidation of poly(butylene thioma-
late) (Mn = 0.28 � 104, Mw /Mn = 1.61) was performed in
acetonitrile at 60 �C under nitrogen with GlcNAc(Ac)3-β-D-n-
butenyl as the glycosyl donor and azobis(isobutyronitrile) (AIBN)
as the initiator. We can confirm from IR spectra (Figure 2) that
disappearance of free mercapto groups peak (2558 cm-1) after
reaction. The glycosidation proceeded smoothly and afforded a

Table 1. Direct Polycondensations of Thiomalic Acid and Diols under Reduced Pressure
a

run diol catalyst mol % time (h) yieldb (%) Mn � 10-4 c (Mw/Mn)
c Tg (�C)

1 1,4-butanediol none 0.25 3 d
2 1,4-butanediol Sc(OTf)3 0.25 3 97 1.39 (1.5) -21
3 1,5-pentanediol Sc(OTf)3 0.25 3 98 1.52 (1.5) -25
4 1,6-hexanediol Sc(OTf)3 0.25 3 >99 1.42 (1.6) -30
5 1,7-heptanediol Sc(OTf)3 0.25 3 >99 1.55 (1.6) -35
6 1,8-octanediol Sc(OTf)3 0.25 3 99 1.32 (1.7) -39
7 1,9-nonanediol Sc(OTf)3 0.25 3 >99 1.42 (1.6) -42
8 1,10-decanediol Sc(OTf)3 0.25 3 >99 1.62 (1.8) -43
9 3-methyl-1,5-pentanediol Sc(OTf)3 0.25 3 98 1.59 (1.7) -22
aAll runs are performed by bulk condensation under reduced pressure (0.3-3.0 mmHg) at 80 �C. bWithout reprecipitation. cDetermined by SEC

measurement in DMF relative to poly(styrene)s. dNo polymerization.

Figure 1.
1H and 13C NMR spectra of poly(buthylene thiomalate) (in CDCl3, 27 �C, TMS, 200 MHz).

Figure 2. IR spectra of poly(buthylene thiomalate) (a) before glycosi-
dation and (b) after glycosidation.
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sugar-containing polyester (99% glycosidation) in a good yield
(80%), in which the glycosidation was estimated by 1H NMR
intensity ratio of peaks at 2.60-3.11 ppm (-CH(SH)CH2) and at
2.60-2.77 ppm (-SCH2).

We also demonstrated that the pendant mercapto groups of a
polymer formed by reaction of adipic acid, TMA, and 1,4-BD
(molar ratio of reactants, 3:1:4, Mn = 0.71 � 104, Mw/Mn 2.00)
could be cross-linked by TCDI. After the cross-linking, the IR
band at 2558 cm-1 ascribed to SH stretching disappeared, and a
new band due to CdS stretching was observed at 1255 cm-1

(Figure 3). The results indicated that all of the pendant mercapto
groups associate with the cross-linking.

This gelatinous chain transfer agent, which we call a “RAFT
gel”, swelled in tetrahydrofuran, chloroform, and toluene. The
property in the equilibrium swollen state was evaluated by the
Ws/W0 value, in whichWs andW0 are weights at swollen and dry
state, respectively. The property in the equilibrium swollen state
was evaluated by the Ws/W0 value, in which Ws and W0 are
weights at swollen and dry state, respectively. TheWs/W0 values
are as follows: 3.8 (in tetrahydrofuran), 6.2 (in chloroform),
2.2 (in toluene), 2.8 (MMA), 2.9 (styrene). Succesively, radical
polymerization was performed with methyl methacrylate and the
RAFT gel ([M]0/[I]0 = 200). The poly(methyl methacrylate)
product had a narrow molecular weight distribution (Mn =
8.5 � 104, Mw/Mn = 1.47) compared with the free radical
polymerization (Mn=8.2� 104,Mw/Mn=1.8), which indicated
that the gel acted as a reaction platform and as a chain-transfer
agent. 1H NMR indicated the PMMA was composed of 59%
syndiotactic, 35% heterotactic, and 6% isotactic, indicating that
the microstructure was not influenced by the gel matrix because
free radical polymerization showed the same tendency (62%
syndiotactic, 33% heterotactic, and 5% isotactic). In order to

check whether transfer reaction occurred or not, aminolysis was
performed using propylamine as the reagents. The aminolysis
proceeded completely in THF (at 27 �C); the remarkable change
in the SEC trace of the polyester backbone was not observed,
which revealed that chain transfer to polyester backbone was not
predominate. Using styrene as the monomer, the control of
molecular weight was difficult [free (Mn = 3.6 � 104, Mw/
Mn=4.04),RAFTgels (Mn=3.7� 104,Mw/Mn=3.01)]. Finally,
we could reuse the RAFT gel by simple filtration, in which a
similar polymerization tendency was obtained.

In this article, we synthesized polyesters with pendant mer-
capto groups by dehydration polycondensations of diols and
TMA, and as with the model reactions, esterification proceeded
chemoselectively and thioesterification did not occur. The pen-
dant mercapto-containing polyesters had Mns >1.0 � 104. We
also demonstrated that the pendant mercapto groups could be
chemically modified by glycosylation or cross-linked by TCDI to
synthesize a gelatinous RAFT agent. These procedures can be
used to produce new types of polyesters from monomers that
differ in chirality and functionality and also nanoscale-reactive
media containing RAFT agent as a cross-linker for controlled
radical polymerization of vinyl monomers.
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