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ABSTRACT: A variety of carbohydrate-based polyesters of the poly(alkylene dicarboxylate) type were obtained
by polycondensation reactions of the alditols 2,3,4ammethyl+-arabinitol and 2,3,4-tr@-methylxylitol, and

the aldaric acids 2,3,4-t-methyl+i-arabinaric acid and 2,3,4-t@-methylxylaric acid. Butanediol and adipic

acid were also used as comonomers. Co-polyesters of the poly(allgdeargiene dicarboxylate) type were
obtained using bisphenols as comonomers. Chemical polycondensation reactions were conducted in bulk or in
solution. Enzymatic polycondensation reactions of adipic acid with the above-mentioned alditols were carried
out successfully using Lipozyme and Novozyme 435. Depending on the chemical structure, the new polyesters
were syrups, gums, or amorphous solids, and were characterizéd bpd 13C NMR spectroscopies, GPC,
viscosimetry, and DSC measurements. The hydrolytic degradations of some of these polyesters are also described.

Introduction R O 0 0
Biodegradable polymers obtained from renewable natural O—CHCTy ‘{0'(0"'2%(0_&(0”2 yc}n
sources are currently receiving increasing attention because they
are an alternative to the traditional petroleum-based plastics.
Solid-waste management of plastics of agricultural or alimentary piqqegradabilit® Our earlier results on the preparation and
onginis gema“d'”g arapid development of new biodegradable o414 cterization of carbohydrate-based polymers such as polya-
plastics*® Another important application is in biomedicine, and midesé® poly(vinylsaccharides¥ and polycarbonateédwhich
in this field, biocompatibility is a required feature for resorbable ¢ wved a medium-to-high degree of hydrophilicity, let us
biomedical device$? Biopolymers can be produced by biologi- ey jore an approach to the preparation of linear carbohydrate-
cal systems, or chemically synthesized from blolc_)glcal starting pased polyesters of the poly(alkylene dicarboxylate) and poly-
matenal_s (e.g., carbohydrates, na_tural fats or oils, etc.). _Cur- (alkyleneeo-arylene dicarboxylate) type, and whose general
rently, aliphatic polyesters are considered the most economically gy ctyres are depicted in Scheme 1. The preparation of these
competitive of the biodegradable polymérsnd synthetic  ,,\vesters was carried out by chemical polycondensation
polyesters are expected to be degraded nonspecifically by Som&actions and. in some cases enzymatically.
enzymes, such as lipasésAlthough such polyesters are ' '
biodegradable, they often lack good thermal and chemical Experimental Section
prolperttlﬁsl. On :he O:]tir Ta:nd, aromatlc”poltyestehm:h_aSIPET General Methods. Solvents were dried and purified, when
(pq y(ethylene erep alatejpave excetient mechanical prop- necessary, by appropriate standard procedures. Optical rotations
erties, but are resistant to degradation by chemical or biological yere measured at 28 5 °C (1 cm cell). Elemental analyses were
agents. determined in the Microanalysis Laboratories of the CSIC, Isla de
Aliphatic polyesters may be classified into two groups, la Cartuja, Seville, Spain. FT-IR spectra were obtained from films
depending on the bond constitution of the monomers: poly- or KBr disks. NMR spectra were recorded with a Bruker 200-AC
(hydroxy acid)s [i.e., polyhydroxyalkanoates (PHAs)] and poly- spectrometer. Ten and 30 mg of sample _dissolved in 1imL o_f ¢DCI
(a|ky|ene dicarboxy|ate)§]'he former are po|ymers of hydroxy were used fotH and13C‘S‘peCtra, I’e_spectlvely. _Chemlcal Shlft.S are
acids ¢, f, ..., w-hydroxy acids), obtained by ring-opening rehported as pa'r1ts peLmllllon c;lownfleld from w.dGe_l Eermeatlon |
polymerization or polycondensation reactions. The latter are chromatography (GPC) analyses were carried with two Styrage

synthesized by the polycondensation reaction of diols with HR columns (7.8x 300 mm) placed in series, using chioroform

dicarboxvli id di h hani  biod d as the mobile phase at a flow rate of 1 mL/min. Molecular weights
icarboxylic acids. Depending on the mechanism of biodegrada-\yere estimated against polystyrene standards. Intrinsic viscosity

tion, polyesters can also be classified broadly into two groups: measurements were carried out in dichloroacetic acid with a
those degraded by enzymatic hydrolysis, and those not degradedannon-Ubbelohde 100/L30 or 150/L12 semimicroviscometer at
by enzymes, although both groups are generally susceptible, in25.04 0.1°C. The thermal behavior of the polyesters was examined
some degree, to both kinds of hydrolysis. by DSC, using a Perkin-Elmer DSC-7 calibrated with indium. DSC
It is well-known that polymers having hydrophilic moieties data were obtained from samples of abotit54mg, at heating/

in their repeating units show an enhanced biodegradability. cooling rates of 20C/min or 10°C/min depending on the purpose,
Synthetic carbohydrate-based polymers having hydrophilic and .under a nitrogen flow. Hydrolytic Qegradatlon experiments were
groups would be excellent candidates for biomedical applications carried out on films prepared by casting at room temperature from

L : . S a 5% (w/v) solution in dichloromethane. Films (06200 um in
because of their inherent properties of biocompatibility and thickness) were separately submerged in one of the following

buffers: 0.1 M NaHPQO/KH,PO, (pH 7.4) or 0.1 M HPQ,/0.1
* Corresponding author. E-mail: jgalbis@us.es. M NaCl (pH 4.0). Hydrolysis was carried out by incubation at 37,

Poly(a-hydroxy acid)s Poly(alkylene dicarboxylate)s
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Scheme 1. Carbohydrate-Based Polyesters
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Scheme 2. Carbohydrate Monomers for Polycondensation
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solution was added dropwise with stirring into diethyl ether (200
mL). When oily or gummy polymers were obtained, the solvents
were decanted, and the residues dried under vacuum. In the case
of the solids, they were filtered off, and dried under vacuum.
Copolymerizations with butanediol or bisphenols were carried
out as described above in the ratio alditol/(butanediol or bisphenol)/
adipoyl chloride 1:1:2.
Poly(2,3,4-tri-O-methyl-L-arabinitol adipate-co-tetramethyl-
ene glycol adipate) (PE3)IR: vmax 1733 cn1! (CO). 13C NMR
(CDCly): 6 172.8, 172.6, 172.5 (CO), 79.1, 77.4 (C-2, C-3, C-4),
63.4, 62.6, 61.2 (C-1, C-5, OGH 60.4, 58.8, 57.4 (OMe), 33.4

60, or 80°C, and samples were taken at selected time points. The (CH,CO), 24.8 (CH), 23.9 (CH). Anal. Calcd for G/HO11: C,
recovered samples were washed with distilled water, and dried to57,30: H, 7.99. Found: C, 57.13: H, 8.02.

constant weight in a vacuum. The evolution of degradation was
followed by sample weighing and GPC analysis.

Preparation of Polyesters. General Methods. Method A.
Catalytic Polymerization of 2,3,4,-Tri-O-methyl-L-arabinitol
(1Ar) and Butanediol with Adipic Acid. To a stirred mixture of
1Ar (1.0 mmol), butanediol (1.0 mmol), and adipic acid (2.0 mmol)
was added, under argon, titanium(lV) isopropoxideu(q. The
mixture was first heated at 14C for 15 min, then the temperature
was slowly increased to 18, and the mixture was kept at this
temperature for 24 h. Then a pressure of-@5L mmHg at 160
°C was applied to the mixture for a period of-8 h. The residue
thus obtained was cooled-20 °C) and treated with diethyl ether
and acetone/methanol to give a solid. When the mixture was left
to reach room temperature, the solid became gummy. The solvent
were decanted, and the syrup was dried under vacuum.

Poly(2,3,4-tri-O-methyl-L-arabinitol adipate-co-tetramethyl-
ene glycol adipate) (PE3)IR: vmax 1733 cntt (CO). 'H NMR
(CDCly): ¢ 4.65-4.60 (m, H-1, H-5), 4.394.01 (m, 6 H, H-1,
H-5, 2 OCH,), 3.70-3.33 (m, 3 H, H-2, H-3, H-4), 3.49, 3.45,
3.42 (3 s, 9H, 3 OMe), 2.462.30 (m, 4 H, 4 CHCO), 1.80-1.60
(m, 8 H, 4 CH). 3C NMR: 6 173.3,173.0 (CO), 79.8, 78.0 (C-2,
C-3, C-4), 63.8, 63.2 (C-1, C-5, OGH 60.8, 59.2, 57.9 (OMe),
33.8, 33.4 (CHCO), 25.3, 24.3, 24.1 (4 CH Anal. Calcd for
CoaHaoO11: C, 57.30; H, 7.99. Found: C, 57.04; H, 7.67.

Method B. Reaction of 2,3,4-Tri-O-methylxylitol (1Xy) or
2,3,4-Tri-O-methyl-L-arabinitol (1Ar) with Adipoyl Chloride.

A solution of the corresponding alditdXy or 1Ar (194 mg, 1.0
mmol) in freshly distilled nitrobenzene (1.5 mL) was bubbled with
argon for 15 min, then heated to 100, and adipoyl chloride (0.15

Poly(2,3,4-tri-O-methyl-L-arabinitol adipate) (PE4). IR: vmax
1734 cn! (CO).1H NMR (CDCly): ¢ 4.66-4.57 (m, 2 H, H-1,
H-5), 4.39-4.03 (m, 2 H, H-1, H-5), 3.69-3.20 (m, 3 H, H-2,
H-3, H-4), 3.49, 3.45, 3.42 (3s, 9 H, 3 OMe), 24531 (m, 4 H,

2 CH,CO), 1.771.64 (m, 4 H, 2 CH). 13C NMR: 6 173.6, 172.9
(CO), 79.8, 78.1 (C-2, C-3, C-4), 63.3,61.9 (C-1, C-5), 60.8, 59.3,
57.9 (OMe), 33.8, 24.3 (CHl. Anal. Calcd for G4H»407: C, 55.25;

H, 7.95. Found: C, 54.55; H, 7.66.

Poly(2,3,4-tri-O-methylxylitol adipate) (PE5). IR: vmax 1735
(CO) cnt. IH NMR (CDCly): ¢ 4.30 (dd, 2 HJ; ,= J454.3 Hz,
lel’ = J5,5' 11.8 HZ, H-l, H-S), 4.15 (dd, 2 Hll‘,Z = J45 6.0 HZ,
Ji1r Js5 11.8 Hz, H-1, H-5), 3.45 (m, 3 H, H-2, H-3, H-4), 3.47

s, 3 H, OMe), 3.42 (s, 6 H, 2 OMe), 2.35 (m, 4 H, 2 0D),
1.65 (m, 4 H, 2 CH). 13C NMR: 6 172.9 (CO), 80.0, 78.3 (C-2,
C-3, C-4), 63.5 (C-1, C-5), 60.3, 58.7 (OMe), 33.7, 24.2 {CH
Anal. Calcd for G4H»40:-H,0: C, 55.25; H, 7.95. Found: C, 54.75;
H, 7.64.

Poly(2,3,4-tri-O-methyl-L-arabinitol adipate-co-1,4-phenylene
adipate) (PE6).IR: vmax 1749 cmt (CO).*H NMR (CDCl): 6
7.07 (s, 4 H, aromatic), 4.78.95 (m, 4 H, H-1, H-1, H-5, H-5),
3.64-3.20 (m, 12 H, H-2, H-3, H-4, 3 OMe), 2.7®2.24 (m, 4 H,

2 CH,CO), 1.94-1.46 (m, 4 H, 2 CH)). 13C NMR: 6 173.6, 172.8,
171.5, 168.8 (CO), 174.9 (aromatic), 122.3 (aromatic), 79.5, 77.8
(C-2, C-3, C-4), 63.6, 61.6 (C-1, C-5), 60.8, 59.2, 57.8 (OMe),
34.7, 33.8, 33.7, 24.1, 23.9, 23.4, 23.2 (HAnal. Calcd for
CoeH36011°H,0: C, 57.56; H, 7.06. Found: C, 57.60; H, 6.5.

Poly(2,3,4-tri-O-methylxylitol adipate-co-1,4-phenylene adi-
pate) (PE7).IR: vmax 1749 (CO) cm. IH NMR (CDCly): 6 7.00

mL, 1.0 mmol) was added. The reaction mixture was heated at (s, 4 H, aromatic), 4.25 (m, 4 H, H-1, H;H-5, H-8), 3.50 (m, 3

140°C for 4 h and at 120C overnight, keeping up a stream of
argon in order to eliminate the hydrogen chloride formed. Then
the pressure was reduced to-6(h1 mmHg to remove the solvent,
the residue was diluted with dichloromethane (5 mL), and the

H, H-2, H-3, H-4), 3.49 (s, 3 H, OMe), 3.43 (s, 6H, 2 OMe), 2.60
(M, 2 H, CHCO), 2.45 (m, 2H, CKCO), 1.75 (M, 4 H, 2 Ch).

13C NMR: ¢ 173.0, 171.6 (CO), 147.9, 122.4 (aromatic), 79.9, 78.3
(C-2, C-3, C-4), 635 (C-1, C-5), 60.5, 58.7 (OMe), 338, 337,
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Scheme 3. Method A: Catalytic Synthesis of Co-Polyester PE3 from 1Ar and Butanediol with Adipic Acid
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Scheme 4. Method B: From 1Ar and 1Xy and Diols or Bisphenols with Adipoyl Chloride in Solution
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OMe o Nitrobenzene
Cl Argon
HOW\ OH + CI M . HO—O—OH
N 2 o) 2. Reduced
MeO gt R pressure

1Ar, R' = OMe, R? = H (L-Arabino)

1Xy, R' = H, R? = OMe (Xylo)
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Polyester® Sugar Configuration HO—(__>—0H

PE3 L-Arabino Butanediol

PE4 L-Arabino _—

PE5 Xylo

PE6 L-Arabino Hydroquinone
PE7 Xylo Hydroquinone
PE8 L-Arabino Methyl-hydroquinone
PE9 Xylo Methyl-hydroquinone
PE10 L-Arabino Bisphenol A
PE11 Xylo Bisphenol A

aFor PE3, PE6-PE11, the monomer ratio Sugar-Diol-Adipoyl
chloride was 1:1:2

24.2 (CH). Anal. Calcd for GeHz¢011 + 0.1 H,O: C, 59.34; H, (3s,9H, 30Me), 2.6%2.34 (m, 4 H, 2 CHCO), 1.93-1.62 (m,
6.88. Found: C, 59.00; H, 6.69. 4H,2CH,), 1.67 (s,6 H,CMg. 13C NMR: 6173.1,172.9,171.8
Poly[2,3,4-tri-O-methyl-L-arabinitol adipate-co-1,4-(meth- (CO), 148.6, 147.8 (aromatic), 127.8, 120.9, 114.8 (aromatic), 79.8,
ylphenylene) adipate] (PE8)IR: vmax 1735 cmt (CO).*H NMR 78.0 (C-2, C-3,C-4), 63.2 (C-1, C-5), 60.8, 59.2, 57.8 (OMe), 42.5
(CDCl): 6 7.07-6.80 (m, 3 H, aromatic), 4.733.98 (m, 4 H, (CMe,), 34.0, 33.8 (OCCH,), 30.9 (Mey), 24.3 (CH). Anal.
H-1, H-1, H-5, H-5), 3.73-3.22 (m, 3 H, H-2, H-3, H-4), 3.50, Calcd for GsHs6011: C, 65.21; H, 7.14. Found: C, 64.84; H, 6.84.
3.46,3.43 (35,9 H,30Me), 2.72.29, (m, 4 H, 2 CHCO), 2.16 Poly(2,3,4-tri-O-methylxylitol adipate-co-4,4-isopropylidene-
(s, 3 H, Me), 1.971.58 (m, 4 H, 2 CH). 13C NMR: ¢ 173.0, diphenol adipate) (PE11).IR: vmax 1736 (CO) cmit. IH NMR
171.7,171.3 (CO), 148.0, 146.7 (aromatic), 131.4 (aromatic), 123.8, (CDCL): 6 7.20 (m, 4 H, aromatic), 6.95 (m, 4 H, aromatic), 4.30
122.6, 122.5 (aromatic), 79.6, 78.0 (C-2, C-3, C-4), 63.2, 61.9 (C- (ddd, 2 H,J1,=J454.3Hz,d;7 = J55 11.8 Hz,J; 3= J352.6 Hz,
1, C-5), 60.8, 59.2, 57.9 (OMe), 33.7, 33@H,CO), 24.1, 24.0 H-1, H-5), 4.20 (ddd, 2 HJ12 = Ja5 6.0 HZ,J1,v = J55 11.8 Hz,
(CHy), 16.3 (Me). Anal. Calcd for §Hzg011-0.5 H,O: C, 59.22; Jr3 = J35 2.4 Hz, H-1, H-5), 3.60 (m, 2 H, H-2, H-4), 3.49 (s,
H, 7.18. Found: C, 58.73; H, 7.10. 3 H, OMe), 3.43 (s, 6 H, 2 OMe), 3.35 (m, 1 H, H-3), 2.60 (m, 2
Poly[2,3,4-tri-O-methylixylitol adipate-co-1,4-(methylphe- H, CH,CO), 2.35 (m, 2 H, CKCO), 1.75 (m, 4 H, 2 Ch), 1.63 (s,
nylene) adipate] (PE9).IR: vmax 1735 (CO) cmi H NMR 6 H, CMey). 13C NMR: 6 173.0, 171.8 (CO), 148.5, 147.8, 127.8,
(CDCly): 6 6.95 (m, 3 H, aromatic), 4.25 (ddd, 2 Bl,, = J454.0 120.8 (aromatic), 80.0, 78.4 (C-2, C-3, C-4), 63.5 (C-1, C-5), 60.4,
Hz,J;r = Js5 11.8 Hz, H-1, H-5), 4.17 (ddd, 2 Hy » = J45 6.0 58.7 (OMe), 42.4 CMey), 33.9, 33.7, 24.2 (Chj, 30.9 ((Me)).
Hz, J; v = Js5 11.8 Hz,J; 3 = J35 3.1 Hz, H-1, H-5), 3.60 (m, Anal. Calcd for GsH4e011: C, 65.21; H, 7.14. Found: C, 65.62;
2 H, H-2, H-4), 3.49 (s, 3 H, OMe), 3.43 (s, 6 H, 3 OMe), 3.35 H, 7.03.
(m, 1 H, H-3), 2.60 (m, 2 H, CKCO), 2.35 (m, 2 H, CKCO), Method C. Polymerization of Aliphatic Diols or Bisphenol
2.13,2.12 (2's,3 H, Me), 1.75 (m, 4 H, 2@H=C NMR: ¢ 172.9, A and Pentitols (1Xy and 1Ar) with Adipic Acid or Aldaric
171.6, 171.3 (CO), 147.9, 146.6, 131.4, 123.8, 122.6, 119.7 Acids in Solution, in the Presence of Condensing Agent3.o a
(aromatic), 80.0, 78.4 (C-2, C-3, C-4), 63.5 (C-1, C-5), 60.4, 58.7 stirred solution of adipic acid or the aldaric ady or 2Ar (1.5
(OMe), 33.8, 33.7, 24.2 (Chl 16.3 (Me). Anal. Calcd for mmol) and the pentitdl Xy or 1Ar (1.5 mmol) or the corresponding
C,7H3g0:1: C, 60.00; H, 7.04. Found: C, 59.91; H, 6.83. diol or bisphenol A (1.5 mmol) in dichloromethane (5 mL) were
Poly(2,3,4-tri-O-methyl-L-arabinitol adipate-co-4,4-isopro- added, under argohl,N-(dimethylamino)pyridings-toluenesulfonic
pylidenediphenol adipate) (PE10)IR: vmax 1736 cn1! (CO).H acid (374 mg, 1.12 mmol) and,N-diisopropylcarbodiimide (1.17
NMR (CDCly): ¢ 7.29-7.19 (m, 4 H, aromatic), 7.636.94 (m, 4 mL, 7.5 mmol), and the mixture was stirred for 3 days. Then the
H, aromatic), 4.684.59 (m, 2 H, H-1, H-5), 4.434.04 (m, 2 H, reaction mixture was diluted with dichloromethane, the solids were
H-1', H-5), 3.71-3.29 (m, 3 H, H-2, H-3, H-4), 5.35, 3.46, 3.43 filtered off and washed with dichloromethane, and the filtrate \&Eﬁv
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Scheme 5. Method C: From Alditols 1Ar and 1Xy with Adipic Acid, Pentitols with Aldaric Acids 2Ar and 2Xy, Butanediol and
Aldaric Acids, and Bisphenol-A (BPA) and Aldaric Acids in Solution, in the Presence of Condensing Agents

OMe o
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MeO R' R? o]

1Ar, R' = OMe, R? = H (L-Arabino)
1Xy, R'=H, R = OMe (Xylo)

O OMeO

OMe (0]
DIPC (3 eq) * *
MOH > 10 o)
DMAP/p-TsOH (0.4 eq) OMe OMe oln

CH,Cl,

PE4, L-Arabino
PES, Xylo

1Ar or 1Xy +  HO (o)

2Ar, R' = OMe, R? = H (L-Arabino)
2Xy, R' = H, R = OMe (Xylo)

OH\/\/\OH + 2Ar or 2Xy

OMe O OMeO
DIPC (3 eq) .
S H > To 0 .
MeO R' R2 DMAP/p-TsOH (0.4 eq) OMe OMe OMe OMe] n
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O OMeO
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I, e SPSACY Sl
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HO OH OMe OMe] n
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PE17, Xylo

Scheme 6. Method D: Enzymatic Synthesis of PE4 and PES5 with Lipozyme and Novozyme 435, in Diphenyl Ether or in Bulk,
Respectively

OMe o

OH
HOWOH + HOM
MeO R' R2 0

1Ar, R' = OMe, R? = H (L-Arabino)
1Xy, R'=H, R? = OMe (Xylo)

OMe (0}
Enzyme * *
OMe OMe OJn

PE4, L-Arabino
PES5, Xylo

evaporated to dryness. The residue was treated with diethyl etherH, 3 OMe), 1.86-1.70 (m, 4 H, 2 CH). 13C NMR: 4 170.1 (CO),

filtered, and dried under vacuum.

Poly(2,3,4-tri-O-methyl-L-arabinitol adipate) (PE4). FT-IR and
1H and3C NMR spectra were identical to those BE4 obtained
by method B.

Poly(2,3,4-tri-O-methylxylitol adipate) (PE5). FT-IR and!H
and3C NMR spectra were identical to those PE5 obtained by
method B.

Poly(2,3,4-tri-O-methyl-L-arabinitol 2,3,4-tri- O-methyl-L-ara-
binate) (PE12).IR: vmax 1749 cnrt (CO).1H NMR (CDCl): H,
0 4.89-4.03 [m, 4 H, H-1, H-1 H-5, H-8 (of L-arabinitol unit)],
4.00-3.25 [m, 3 H, H-2, H-3, H-4(-arabinitol unit), 21 H, H-2,
H-3", H-4" (L-arabinaric acid unit), 6 OMe]3C NMR: 6 171.5,
170.7 (CO), 81.7, 80.6, 79.7, 79.1, 78.2 (CH), 61.0, 60.9, 59.4,
59.3, 58.4, 58.3 (OMe), 59.2, 59.1 (@H Anal. Calcd for
CigH28010: C, 50.52; H, 7.42. Found: C, 52.17; H, 7.57.

Poly(2,3,4-tri-O-methylxylitol 2,3,4-tri- O-methyl xylarate)
(PE13).IR: vpax 1741 (CO) cmt. IH NMR (CDCl): 6 4.45-
3.55 (m, 10 H, rest of the protons) 3:58.30 (m, 18 H, 6 OMe).
13C NMR: ¢ 170.1 (CO), 82.1, 79.4 (CH), 59.9, 59.6, 59.1, 58.7
(OMe), 64.3 (CH). Anal. Calcd for GeH.g010: C, 50.52; H, 7.42.
Found: C, 50.47; H, 7.42.

Poly(butylene glycol 2,3,4-triO-methyl-L-arabinate) (PE14).
IR: Vmax 1741 cnm! (CO). *H NMR (CDCly): 6 4.18 (m, 1 H,
H-3), 4.00-3.50 (m, 6 H, H-2, H-4, 2 OC}), 3.42, 3.33, 3.24 (3
s, 9 H, 3 OMe), 1.07 (m, 4 H, 2 Gl 5C NMR: 6 171.3, 170.7
(CO), 81.6, 79.2, 78.8 (C-2, C-3, C-4), 64.4 (O9H50.1, 59.2,
58.2 (OMe), 25.1, 25.0 (CHl. Anal. Calcd for GoH»007: C, 52.17;
H, 7.30. Found: C, 52.51; H, 7.50.

Poly(butylene glycol 2,3,4-triO-methyl xylarate) (PE15).
IR: Vmax 1739 (CO) cm?. IH NMR (CDCl): 6 4.25-4.15 (m, 3
H, H-2, H-3, H-4), 4.00-3.75 (m, 4 H, 2 OCH), 3.50-3.35 (m, 9

81.9, 80.9 (CH), 60.1, 59.0 (OMe), 64.3, 25.1 (§sHAnal. Calcd

for C12H2007: C, 5217, H, 7.30. Found: C, 5248, H, 6.96.
Poly(4,4-isopropylidenediphenol 2,3,4-triO-methyl-L-arabi-

nate) (PE16).IR: vmax 1764 cmt (CO). *H NMR (CDCly): 6

7.15 (m, 8 H, aromatic), 4.344.06 (m, 3 H, H-2, H-3, H-4), 3.60,

3.52,3.49 (35,9 H, 30Me), 1.65 (s, 6 H, CHIERC NMR: o

169.8, 169.2 (CO), 148.2, 148.1 (aromatic), 127.9, 120.6 (aromatic),

81.8, 79.6, 79.3 (C-2, C-3, C-4), 60.6, 59.5, 58.6 (OMe), 42.4

(CMey), 30.8 (QMey). Anal. Calcd for G3H2607+1.5 HO: C, 65.40;

H, 6.12. Found: C, 65.68; H, 6.16.
Poly(4,4-isopropylidenediphenol 2,3,4-triO-methyl xylarate)

(PE17).IR: vpmax 1759 (CO) cml. *H NMR (CDCly): 6 7.20 (m,

4 H, aromatic), 7.05 (m, 4 H, aromatic), 4.30 (m, 1 H, H-3), 4.15

(m, 2 H, H-2, H-4), 3.61 (s, 3 H, OMe), 3.53 (s, 6 H, 2 OMe),

1.65 (s, 6 H, CMg). 13C NMR: 6 168.8 (CO), 148.2, 148.1, 127.9,

120.7 (aromatic), 82.2, 79.6 (C-2, C-3, C-4), 60.6, 59.4 (OMe),

42.5 CMe,), 30.9 (QVey). Anal. Calcd for G3Hz607+ 0.5 HO:

C, 65.24; H, 6.43. Found: C, 65.57; H, 6.38.

Method D. Enzymatic Synthesis of Polyesters PE4 and PE5S
with B Lipase from Candida antarcticain Bulk, or Lipozyme
in Diphenyl Ether. D1. A mixture of the corresponding pentitol
(1Ar or 1Xy) (97 mg, 0.5 mmol), adipic acid (73 mg, 0.5 mmol),
and B lipase fromC. antarctica (25 mg) was stirred at ap-
proximately 220 rpm, under an inert atmosphere, at®@or 7 h.
Then the pressure was reduced to 80 mmHg, and stirring continued
for 2 days at the same temperature. Dichloromethane was added
to the reaction mixture (30 mL), the enzyme was filtered off through
diatomaceous earth, and the filtrate was evaporated to dryness to
get a colorless residue. Thid and!3C NMR spectra were identical
to those of the polymers obtained with adipoyl chloride (method

B). CbVv
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Table 1. Yield and Some Physical Constants of Polyesters PERPE11

polyester yield (%) &]p (degp [7]o (dL/g)P Mwe Muw/Mpe Ty (deg)y Ta (°C)e consistencl

PE3 65 (40 —4.8 (—2.4y 0.24 (0.1y 15240 (5470) 1.7 (1.5) 2 190 gum

PE4 75 -3.5 0.23 12000 1.4 —-17 230 gum

PES 56 0 0.3 22700 1.5 —20 230 gum

PE6 50 —4.8 0.15 15800 1.6 63 263 amorphous solid
PE7 60 0 0.14 30800 1.6 51 250 amorphous solid
PE8 68 —-3.7 0.11 33200 1.6 62 250 gum

PE9 84 0 0.23 13800 1.8 54 200 gum

PE10 76 —8.2 0.3 15800 1.4 11 150 gum

PE11 70 0 0.25 15750 15 42 270 amorphous solid

ac 0.5, dichloromethane, at Z&. © In dichloroacetic acid at 25 0.1°C. ¢ By GPC against polystyrene standards, using chloroform as a mobile phase.
d Glass transition temperature measured by DSlecomposition temperature measured by D5&.room temperatured Prepared by Method Alc 0.5,
dichloromethane-methanol, at 26. ' ¢ 1, dichloromethane, at 25C.

Table 2. Yield and Some Physical Constants of Polyesters PE4, PE5, PE12-PE17

polyester yield (%) &]o (degy [7]o (dL/g)P My Mu/Mn€ Tg (°C) Ta (°C)e consistencly
PE4 55 15200 1.3 gum
PE5 60 17700 1.6 gum
PE12 40 +10.8 0.19 25300 1.4 30 232 amorphous solid
PE13 70 0 0.13 25600 15 12 220 amorphous solid
PE14 65 +56.3 0.13 6500 1.4 —-12 250 gum
PE15 60 0 0.13 9600 1.3 —-10 212 gum
PE16 70 +46.3 0.19 8700 1.1 86 250 amorphous solid
PE17 80 0 0.16 12500 15 70 260 amorphous solid

a¢ 0.5, dichloromethane, at Z&. ° In dichloroacetic acid at 25 0.1 °C. ¢ By GPC against polystyrene standards, using chloroform as a mobile phase.
d Glass transition temperature measured by DSOecomposition temperature measured by DS&.room temperature.

Table 3. Compared Yields, Molecular Weights? and Polydispersitie$ of Polyesters 4 and 5

method B method C method’D
polyester yield (%) Mw Mw/Mp yield (%) Mw Mw/Mp yield (%) Mw Mw/Mp
4 75 9500 15 75 15200 1.3 65 11400 1.1
¥ 11500 1.
5 85 22700 15 80 17700 1.6 70 13700 1.2
72 725C 1.z

aDetermined by GPC using chloroform as a mobile ph&sépozyme immobilized fromM. miehei(Lipozyme) in diphenyl ester, at 3T and 1 mmHg.
¢Lipase fromC. antarctica(Novozyme 435) in bulk at 66C and 90 mmHg.

D2. To a solution of the corresponding alditol (291 mg, 1.5 Method A (Scheme 3) consisted of the catalytic polymeri-
mmol) and adipic acid (249.2 mg, 1.5 mmol) in diphenyl ether zation of L-arabinitol (LAr) and butanediol with adipic acid.
(2.5 mL) was added Lipozyme IM (250 mg), and the mixture was The best results were obtained when titanium(IV) tetraisopro-
stirred, at approximately 600 rpm, for 24 h at37 under aninert ~  5xide was used as catalyst. To evaluate the feasibility of this
atmosphere. Then the pressure was reduced to 1 mmHg, and stirrin ethod, we carried out the polymerization of adipic acid with

continued for 3 days. Finally, the mixture was diluted with L
dichloromethane, the enzyme was filtered off through diatomaceousbu'["jlnedIOI in the presence of that catalyst, and a polyester was

earth and washed with this same solvent, and the filtrates were OPtained with physical features and yield similar to those of
evaporated to dryness to get a sticky colorless residue, which wasthe one described in the literatufe-lowever, when.-arabinitol
characterized by NMR and GPC. The and3C NMR spectra  1Ar was employed as monomer or comonomer, lower yields
were identical to those of the polymers obtained with adipoyl were obtained. Thu$?E3 was obtained in 40% yield and an

chloride (method B). average molecular weighl,) of 5500 g/mol andV,,/M,, 1.5.
Poly(2,3,4-tri-O-methyl-L-arabinitol adipate) (PE4). FT-IR and Using1Ar as the sole diol monomer, the polymer was obtained
:)H an({:% ’\éMR spectra were identical to those®E4 obtained in very low yield—approximately 11%-and was isolated in the
y method B.

form of a dark gum. From monom@iXy, this procedure gave

Poly(2,3,4-tri-O-methylxylitol adipate) (PES). FT-IR andH unsuccessful results, probably due to this alditol’s lower thermal

and3C NMR spectra were identical to those PE5 obtained by

method B. stability. These results let us to explore milder polycondensation
procedures.
Results and Discussion In method B, the alditoldAr or 1Xy were made to react

Aromatic co-polyesters of the polyethylene- and polybutylene- with adipoyl chloride, in nitrobenzene as solvent, under an inert
terephthalate (PET and PBT) type have recently been synthe-8tmosphere and at temperatures ranging from 80 to°G40
sized in our group starting from the alditols 2,3,4@imethyl- finally, a reduced pressure of approximately 6061 mmHg
L-arabinitol (LAr) and 2,3,4-tri©-methylxylitol (1Xy).1213We was applied to the reaction mixture. Butgnedlol and bisphenols
now present the synthesis and characterization of different typesSUch as hydroquinone, methylhydroquinone, and 4-(2-(4-hy-
of linear polyesters based on the aldittr and1Xy and the  droxyphenyl)propan-2-yl)phenol (bisphenol A, BPA) were also

aldaric acids 2,3,4-t-methyl+-arabinaric acid ZAr) and used as comonomers. Some data corresponding to the polyesters

2,3,4-tri-0-methylxylaric acid BXy) (Scheme 2). We had PES3-11obtained by this method are collected in Table 1.

previously described the preparation of these monofhers. The yields of the PEs obtained by method B were in the range
Four different methods were employed for the preparation 50—84%. TheM,, of the fully aliphatic polyesters ranged from

of the new polyesters (Schemes&). 12000 to 15000, ani1,/M, was 1.5-1.7. HigherM,, were

Ccbv



7946 Garcéa-Martn et al. Macromolecules, Vol. 39, No. 23, 2006

80
a)
\——PE4
70 -
60
g 50 -
c
S
et
o
5 40 -
(77
1
& 30 -
=
20 -
10 -
0 T T T T T
0 50 100 150 200 250 300 350
Time (Hours)
b 40
) —%-PE6
35 - -e-PE7
——PE10
30 —A—PE11

%]
w

Water Sorption (%)
o B

10 -

0 50 100 150 200 250 300 350
Time (hours)

Figure 1. Moisture sorption of selected homopolyesters (a) and copolyesters (b) as a function of time at room temperature and under 100% relative
humidity.

obtained for co-polyesters having bisphenol repeating units. As acid?® in dichloromethane, at room temperature (Scheme 5).
expected, polyesters based orarabinitol displayed optical  The advantage of this method is the direct use of dicarboxylic
activity, whereas the xylitol-based ones were optically inactive acids, without previous activation, and the facile manipulation

due to the symmetry of the sugar monomer. of the reaction mixture. The polyesters were obtained in yields
The molar composition of co-polyestd?&3 andPE6—PE11, of 55—80%, with mediunM,, and narrow polydispersity values.
having two different diol moieties, was determined frdki In some cases, purification of the resulting polyesters was

NMR and elemental analysis. They were found to be similar to laborious. Some features of the polyest&&4, PES5, and
the starting molar feed ratio for alditol/diol (or bisphenol)/ PE12—PE17thus obtained are shown in Table 2.

adipoy! chloride 1:1:2. Following two recently published reviews on the enzymatic
Method C involved the polycondensation between alditols synthesis of polyesters via polycondensatfar ring-opening
(1Ar and1Xy) and diols with adipic acid or aldaric acid®Ar polymerizationt’” we also tried an approach to the enzymatic

and 2Xy), using condensing agents such as diisopropylcarbo- synthesis of aliphatic polyesters having carbohydrate moieties.
diimide and the salt of dimethylamino pyridipetbluenesulfonic Our best results were obtained from aldit@sr and 1Xy and cDV
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Table 4. Compared Qualitative Solubilities of Polyestery

Linear Polyesters Derived from Carbohydrateg47

solvent ~PE3 PE4 PE5 PE6 PE7 PES PEI0 PE11 PE12 PE13 PE14 PE15 PE16 PEL7
water - - - - - - - - - - - - - - -
EtO + + - - - - - + - - - - - - -
EtOH - - - - - - - + - + ++ + ++ - -
CHCk  ++  ++  ++ T e s ++ ++ ++ ++ ++ ++ ++
acetone - - - - - - - - - - - - - - -
DMSO  ++  ++  ++ + + + + + + ++ ++ + ++ ++ +
DMF 4+ 4+ 4+  ++ A+ A+ ++ ++ ++ ++ ++ ++ +
DCA  ++ + + + + + + + + + + + + + +
HFP  ++  ++ + 4+ e e + ++ + ++ + ot +
TFE  ++ ++ ++ ++  ++ + + + ++ + ++ ++ ++ ++ ++

aKey: (—) insoluble; &) soluble on warming at 5060 °C; (+) soluble; (++) very soluble at room temperature. HFP: hexafluoro-2-propanol. TFE:
2,2,2-trifluoroethanol.

25000

20000 -

15000 -

Mw (g/mol)

10000 -

5000

0 T T T T T
0 2 4 6 8 10 12

t (weeks)

PE4, 37 °C and 60 °C PE4, 80 °C —=—PE5, 37°C ——PE5,60°C
Figure 2. Hydrolytic degradation oPE4 andPES5 at pH 7.4 and different temperatures.

adipic acid, with Lipozyme (immobilized lipozyme froMucor 16000
miehe) in diphenyl ether, and Novozyme 435 (lipase fr@n 14000
antarcticg in bulk. PolyestersPE4 and PE5 thus obtained 12000
showedM,, between 7250 and 13700, and the highest polydis- = 10000
persity was 1.9 (Scheme 6). Compared results for the synthesisg
of polyestersPE4 and PE5 by three different methods are & 8000 |
collected in Table 3. Attempts at enzymatic polycondensation & 6000
reactions between diols or alditols with aldaric acids gave 4000 |
unsuccessful results. 2000
All the polyesters here described were soluble in chloroform 1
and polar aprotic solvents, and proved to be hygroscopic 0 ' ' '
materials (Figure 1). The qualitative solubilities determined are 0 5 10 15 20

compared in Table 4.

Thermal Analysis. The consistency at room temperature of
the polyesters here described varied with chemical structure from
syrups or gums to amorphous solids. The thermal properties of
the polyesters have been analyzed using DSC. The characteristi

t (weeks)

—+-37°C —.—SG“C‘

gigure 3. Hydrolytic degradation oPE9 at pH 7.4.

parameters resulting from these measurements are given irnperature {im) and negative glass transition temperatiig.(In
Tables 1 and 2. In general, those polyesters having a gummyour casePE3, PE4, andPES5 were gums withTy in the range
consistency or being amorphous solids did not show well- —20 to 2°C, and showed signs of decomposition on heating
defined endotherms corresponding to melting transitions. In above 200°C. Copolyester$?E6 and PE7, containing hydro-
addition, signs of decomposition were observed. The second-quinone in their repeating units, were amorphous solids with
order thermal transitions were observed, in general, during the Tg about 56-60 °C. On the other hand?E8 and PE9—based
second heating traces after a first cycle of heating to about 100 on methylhydroquinonewere gums withTy around 60°C.

110°C followed by rapid cooling te-40 °C. Many well-known

PE7-PE9 showed melting with decomposition in the range

aliphatic polyesters (e.g. Bionolle) present low melting tem- 180-260 °C. PE10 and PE11—based on BPA-presentedly CDV
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Figure 4. Hydrolytic degradation oPE10andPE11lat pH 7.4 and different temperatures.
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Figure 5. Hydrolytic degradation oPE16 andPE17 at pH 4.0 and different temperatures.

values of 11 and 42C, respectively, and decomposed above  Figure 3 displays the hydrolysis &E9 at pH 7.4, 37 and
150 and 27CC. 60 °C. When the samples were incubated at6d6 deg higher

The polyesters?E12 and PE13—fully based on carbohy-  than itsTg), the rate of hydrolysis increased, resulting in a loss
drates-with L-arabino and xylo configurations respectively, of 50% of theM,, in a week, and a loss of 70% of tih&, in 2
were amorphous solids having positiVg values. weeks.

When butanediol was used as comonomer, the corresponding PE10 and PE11, having BPA as the repeating unit, were
co-polyestersPE14 and PE15 were gums having negativi, degraded at pH 7.4 and 3T (Figure 4) PE10lost 85% of its
around—10 °C. Finally, the copolymerization with BPA gave M, after 26 weeks of incubation, while the xylitol-baded11
amorphous solids witfiy in the range 7680 °C. showed a similar result in 3 weeks.

Hydrolytic Degradation Studies. Studies of hydrolytic PE16—based on-arabinaric acie-did not show any sign of
degradation of some of the polyesters here described weredegradation at pH 7.4 and pH 4.0, at 37 and®60 However,
carried out. ThusPE4 and PE5, based on_-arabinitol and at 80 °C (the Ty found for PE16 was 86°C), a rapid total
xylitol respectively, showed different behavior under the same hydrolysis was detected?E17—based on xylaric acidwas
conditions of hydrolysis. Figure 2 shows the evolution of these hydrolyzed at pH 4.0 and 60C (Ty 70 °C), with a 50%
processesPE4 did not show any sign of hydrolysis at pH 7.4 degradation being observed after 6 weeks. These results are
and 37 or 60°C, but a rapid hydrolysis was observed at°8) collected in Figure 5.

On the other handRE5 was degraded after incubation at neutral Concluding Remarks. New carbohydrate-based polyesters
pH at both 37 or 60C: theM,, had decreased some 50% after obtained from alditols and/or aldaric acids havingrabinoor

3 weeks. xylo configurations have been prepared by chemical poly%)Bv
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densation reactions. The enzymatically catalyzed synthesis (6) Mani, R.; Bhattacharya, M.; Leriche, Ch.; Nie, L.; Bassi,JSPolym.

worked satisfactorily when we started from alditols and adipic
acid, but it failed from pentaric acids. The properties of these
polyesters depended on their constitution and, in general, on
the configuration of the carbohydrate-based moiety. All the

Sci., Part A: Polym. ChenR002 40, 3232-3239 and references
therein.

(7) Sudesh, K.; Doi, Y. Polydroxyalkanoates.Handbook of Biodegrad-
able PolymersBastoli, C., Ed.; Rapra Technology Ltd.: Shrewsbury,
U.K., 2005.

polyesters were soluble in the usual organic solvents, and were (8) Garca-Martn, M. G.; Ruiz Peez, R.; Benito Herfradez, E.; Galbis,

hygroscopic. The hydrolytic degradation studies of some of them
demonstrated that they can be degraded at neutral or acid p

and at temperatures close to their respecliye

Acknowledgment. We thank the CICYT (Comisio Inter-
ministerial de Ciencia y Tecnoltg) of Spain for financial
support (Grant MAT2003-06955-C02).

References and Notes

(1) Sdaerqvist, M.; Liu, Y.; Albertsson, A.-C.; Ranucci, E.; Karlsson, S.
Adv. Polym. Sci2002 157, 139-161.

(2) Biopolymers: Biology, Chemistry, Biotechnology, Applicatji@tein-
bichel, A., Series Ed.; Wiley-VCH: New York, 2002.

(3) Yokoe, M.; Aoi, K.; Okada, MJ. Polym. Sci., Polym. Cher2005
43, 3909-3919.

(4) Green Plastics Stevens, A. S., Ed.; Princeton University Press:

Princeton, NJ, 2002.
(5) Biodegradable Polymers and Plastidgert, M., Feije, J., Albertsson,

G., Scott, G., Chiellini, E., Eds.; The Royal Society of Chemistry:

Cambridge, England, 1992.

J. A. Carbohydr. Res2001, 333 95-103.

H (9) Gar¢a-Martn, M. G.; Benito Herhadez, E.; Ruiz Pez, R.; Alla,

A.; Mufioz-Guerra, S.; Galbis, J. Macromolecule2004 37, 5550—
5556.

(10) Garta-Martn M. G.; Jimaez-Hidalgo, C.; Al-Kass, S. S. J.; Caraballo,
I.; de Paz, M. V.; Galbis, J. APolymer200Q 41, 821-826.

(11) Garca-Martn, M. G.; Ruiz Peez, R.; Benito Herfradez, E.; Espartero,
J. L.; Mufpz-Guerra, S.; Galbis, J. AMacromolecules2005 38,
8664—8670.

(12) Zamora, F.; Hakkou, K.; Alla; Espartero, J. L.; MimGuerra, S.;
Galbis, J. AJ. Polym. Sci., Part A: Polym. Cher2005 43, 6394~
6410.

(13) Alla, A.; Hakkou, Kh.; Zamora, F.; Mdrtez de llarduya, A.; Galbis,
J. A.; Mufoz-Guerra, SMacromolecule00§ 39, 1410-1416.

(14) Albertsson, A. C.; Ljungquist, Ql. Macromol. Sci~Chem.1986
A23 393-4009.

(15) Brocchini, S.; James, K.; Tangpasuthadol, V.; Kohd, Am. Chem.
S0c.1997 119 4553-4554.

(16) Uyama, H.; Kobayashi, SWdv. Polym. Sci.2006 194, 133-158.
(17) Matsumura, SPAdv. Polym. Sci2006 194, 95-132.

MA0613250

Ccbv



