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ABSTRACT: Novel linear carbohydrate-derived [m,n]-polyur-

ethanes are successfully prepared using D-mannitol as renew-

able and low cost starting material. The key comonomer,

1,6-di-O-phenylcarbonyl-2,3,4,5-tetra-O-methyl-D-mannitol is poly-

merized with a diamine synthesized from D-mannitol or with

alkylenediamines. These polymerization reactions afford,

respectively, a [6,6]-polyurethane entirely based on a carbohy-

drate derivative or [m,n]-polyurethanes constituted by a poly-

O-methyl substituted unit alternating with a polymethylene

chain. All these polymers are stereoregular, as result of the C2

axis of symmetry of mannitol. The optically active polyur-

ethanes are characterized by standard methods (FTIR, RMN,

GPC, TGA, and DSC). Thus, GPC analysis reveals weight-aver-

age molecular weights between 18,000 and 25,000 Da. Thermal

studies (DSC) indicate that the polymers obtained are amor-

phous materials with Tg values dependent on the structure

and chain length of the diamine constituent. VC 2012 Wiley Peri-

odicals, Inc. J Polym Sci Part A: Polym Chem 000: 000–000,

2012

KEYWORDS: biodegradable; biomaterials; carbohydrates; D-man-

nitol; polyurethanes

INTRODUCTION Polyurethanes are chemically stable poly-
mers with high resistance to hydrolysis. The hydrolytic sta-
bility, although highly desirable for most traditional applica-
tions of polyurethanes, prevents their temporal uses that are
of interest in biomedicine. This is an attractive field given
the extremely good biocompatibility of polyurethanes.1 A
successful approach to prepare new polymers with enhanced
hydrophilicity and biodegradability consist in the incorpora-
tion into the polymer chain of hydrophilic units, such as
those derived from carbohydrates.2–5 As a renewable
resource, carbohydrates are able to provide a large variety of
functionalized molecules, which are suitable monomers for
polycondensations.

A good number of polyurethanes based on simple sugars
have been synthesized so far. Selectively protected carbohy-
drate-derived diols have been polymerized with diisocyanate
monomers to afford [m,n]-polyurethanes. Mu~noz-Guerra and
Galbis have used this type of methodology using as diol
comonomers O-protected or free alditols (mostly L-threitol,
L-arabinitol, and xilitol),6–14 anhydroalditols,15,16 or tartaric
acid.17 The procedure has also been applied to diols derived
from hexoses18,19 and aldaro20 or aldonolactones.21 An alter-
native approach consists in the activation of two functional
groups that are made to react with the appropriate comono-
mer. Thus, carbohydrate-based chloroformates22,23 or diiso-

cyanates24 have been used as precursors of polyurethanes or
poly(urea-urethanes). A similar strategy, described by H€ocker
and coworkers,25–27 is based on the use of phenoxycarbonyl
groups for the activation of the primary hydroxyl groups
that are able to react with diamines to yield [m,n]-
polyurethanes.

In recent years, we have been involved in the synthesis of
carbohydrate-based [n]-polyurethanes under environmentally
friendly conditions.28–30 The procedures used do not use
toxic phosgene, and no manipulation of isocyanates is
required. Furthermore, the polymerizations are conducted
under mild conditions that are convenient for carbohydrate
derivatives. In connection with this previous work, we report
here the environmentally benign preparation of a per-O-
methyl-[m,n]-polyurethane entirely based in D-mannitol.
Additionally, polyurethanes were obtained using the same
diol comonomer and alkylene diamines of varied lengths.
The optically active, stereoregular polymers were fully char-
acterized, and their thermal properties are described.

EXPERIMENTAL

General Methods
D-Mannitol was purchased from Aldrich Chemical Company
and used as received. Analytical thin-layer chromatography
(TLC) was performed on Silica Gel 60 F254 (E. Merck)

Additional Supplementary Information may be found in the online version of this article.
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aluminum-supported plates (layer thickness 0.2 mm). Visual-
ization of the spots was effected by exposure to UV light or
by charring with a solution of 5% (v/v) sulfuric acid in
EtOH, containing 0.5% p-anisaldehyde. For unprotected
amines, the plates were heated after immersion in a solution
of ninhydrin in acetone. Column chromatography was per-
formed with Silica Gel 60 (230–400 mesh, E. Merck). Optical
rotations were measured with a Perkin–Elmer 343 digital
polarimeter at 25 �C and are expressed in cm3 (g dm)�1,
concentrations are given in g cm�3. Nuclear magnetic reso-
nance (NMR) spectra were recorded with a Bruker AMX 500
instrument (1H: 500 MHz; 13C: 125.7 MHz) or a Bruker AC
200, in CDCl3 solutions (tetramethylsilane as an internal
standard) unless otherwise indicated. The assignments were
assisted by 2D COSY, DEPT, and HSQC techniques. IR spectra
(films) were recorded with a Nicolet 510P Fourier transform
infrared (FTIR) spectrometer. Gel permeation chromatogra-
phy (GPC) was performed using Styragel columns (Waters),
with THF as solvent at a flow rate of 1.0 mL min�1. The cali-
bration was performed using polystyrene standards. Ther-
mogravimetric analysis (TGA) was performed in a Shimadzu
TGA-51 instrument; samples of about 2 mg were heated at a
rate of 10 �C min�1. Differential scanning calorimetry (DSC)
was conducted with a DSC Q20 TA instrument. Samples of
about 2 mg were heated from 50 to 200 �C at a rate of 20
�C min�1, then cooled at 5 �C min�1 to 50 �C (isothermic 5
min), and finally heated at 10 �C min�1 to 200 �C. High reso-
lution mass spectrometry (HRMS-ESI) was performed in a
Bruker microTOF-Q II instrument.

2,3,4,5-Tetra-O-acetyl-1,6-dibromo-1,6-dideoxy-D-mannitol (2)
To a suspension of D-mannitol (1, 1.11 g; 6.1 mmol) in diox-
ane (16 mL) was added acetyl bromide (1.1 mL; 13.6 mmol).
The mixture was stirred in the dark at room temperature
(rt) for 48 h and then concentrated in vacuo. The residue
was dissolved in pyridine (2 mL) and acetic anhydride (2
mL) was added, after 24 h the mixture was concentrated.
The crude product was purified by column chromatography
(toluene-EtOAc 19:1) to give 2 (1.84 g; 64%) as a white
solid; mp 122–124 �C (lit.31 121–123 �C, from EtOH); [a]D

25

¼ þ27.6 (c ¼ 1.2 in CH2Cl2) (lit.
31 þ29.6). HRMS (ESI, Q-Tof,

m/z): [M þ Na]þ, calcd for [C14H20Br2O8Na]
þ: 496.9417,

found: 496.9451.

2,3,4,5-Tetra-O-acetyl-1,6-diazido-1,6-dideoxy-D-mannitol (3)
To a stirred solution of Compound 2 (1.17 g, 2.46 mmol) in
DMF (16 mL) was added NaN3 (0.64 g, 9.85 mmol). The mix-
ture was stirred at 80 �C for 2 h and concentrated. The resi-
due was redissolved in EtOAc, and the mixture was filtered
through a celite bed. The filtrate was concentrated to afford
syrupy 3 (0.96 g, 97%). This compound was pure enough to
be used for the next step without further purification. An an-
alytical sample gave [a]D

25 ¼ þ39.8 (c ¼ 1.0 in CH2Cl2)
(lit.32 þ33.0); 1H NMR (200 MHz, CDCl3, d): 2.11, 2.12 (6H
each, 2s, COCH3), 3.27 (2H, dd, J1a,1b (J6a,6b) 13.5, J1b,2 (J5,6b)
5.5 Hz, H-1b/H-6b), 3.48 (2H, dd, J1a,1b (J6a,6b) 13.5, J1b,2
(J5,6b) 3.4 Hz, H-1a/H-6a), 5.04 (2H, m, J1a,2 (J5,6a) 3.4, J1b,2
(J5,6b) 5.5, J2,3 (J4,5) 8.6 Hz, H-2/H-5), 5.42 (2H, d, J2,3 (J4,5)
8.6 Hz, H-3/H-4); 13C NMR (50.3 MHz, CDCl3, dC): 20.6, 20.8

(COCH3), 50.7 (C-1/C-6), 68.1 (C-3/C-4), 68.5 (C-2/C-5),
169.7, 169.9 (CO). Anal. calcd for C14H20N6O8: C 42.00, H
5.04, N 20.99. Found: C 41.75, H 5.13, N 21.11. HRMS (ESI,
Q-Tof, m/z): [M þ Na]þ, calcd for [C14H20N6O8Na]

þ:
423.1235, found: 423.1285.

1,6-Diazido-1,6-dideoxy-2,3,4,5-tetra-O-methyl-D-mannitol (4)
To a stirred solution of Compound 3 (0.95 g, 2.38 mmol) in
DMSO (9.6 mL) was added finely powdered NaOH (1.52 g,
38 mmol). The mixture was stirred at rt for 30 min and, on
cooling in an ice bath, MeI (4.6 mL, 74 mmol) was added. Af-
ter stirring for 2 h, the reaction mixture was partitioned
between CH2Cl2-H2O 1:1 (80 mL). The aqueous layer was
extracted with CH2Cl2 (50 mL). The combined organic
extracts were dried (MgSO4) and concentrated. The residue
was purified by column chromatography (toluene-EtOAc
4:1), to give syrupy 4 (0.53 g, 77%). [a]D

25 ¼ þ43.5 (c ¼
1.7 in CH2Cl2) (lit.33 þ24.1); 1H NMR (500 MHz, CDCl3, d):
3.32 (2H, dd, J1a,1b (J6a,6b) 13.4, J1b,2 (J5,6b) 3.6 Hz, H-1b/H-
6b), 3.27, 3.28 (12H, 2s, CH3O), 3.47 (2H, m, H-2/H-5), 3.58
(2H, d, J2,3 (J4,5) 7.9 Hz, H-3/H-4), 3.80 (2H, dd, J1a,1b (J6a,6b)
13.4, J1a,2 (J5,6a) 2.6 Hz, H-1a/H-6a); 13C NMR (50.3 MHz,
CDCl3, d): 48.9 (C-1/C-6), 56.9, 60.8 (CH3O), 79.0 (C-3/C-4),
79.7 (C-2/C-5). Anal. calcd for C10H20N6O4: C 41.66, H 6.99,
N 29.15. Found: C 41.50, H 7.14, N 28.86. HRMS (ESI, Q-Tof,
m/z): [M þ Na]þ, calcd for [C10H20N6O4Na]

þ: 311.1438,
found: 311.1450.

1,6-Diamino-1,6-dideoxy-2,3,4,5-tetra-O-methyl-D-mannitol (5)
To a solution of Compound 4 (0.17 g, 0.6 mmol) in MeOH (6
mL) was added 10% Pd-C (0.017 g) and the mixture was
treated with H2 (45 psi) for 3 h. The catalyst was filtered off
and washed with MeOH, and the filtrate was concentrated to
give syrupy 5 (0.17 g, 99%); [a]D

25 ¼ þ29.1 (c ¼ 1.0 in
CHCl3); (lit.

33 þ 20, for a hydrated form). HRMS (ESI, Q-Tof,
m/z): [M þ H]þ, calcd for [C10H25N2O4]

þ: 237.1808, found:
237.1816; [M þ Na]þ, calcd for [C10H24N2O4Na]

þ: 259.1628,
found: 259.1638.

2,3,4,5-Tetra-O-methyl-1,6-di-O-trityl-D-mannitol (7)
Compound 7 was synthesized according to the procedure
described by Galbis and coworkers.34

2,3,4,5-Tetra-O-methyl-D-mannitol (8)
A solution of Compound 7 (0.54 g, 0.75 mmol) in anhydrous
CH2Cl2 (6.8 mL) was cooled in an ice bath, and trifluoroace-
tic acid (0.77 mL, 10 mmol) was slowly added. After 30 min,
the mixture was allowed to reach rt, and it was stirred for
additional 24 h. On addition of MeOH (6 mL), the solution
was concentrated. The residue was purified by column chro-
matography (hexane-EtOAc 2:3) to afford 8 (0.14 g, 77%);
[a]D

25 ¼ þ7.7 (c ¼ 0.9 in CHCl3) (lit.34 þ12); 1H NMR (500
MHz, CDCl3, d): 2.10 (2H, s, OH), 3.37 (2H, ddd, J1a,2 (J5,6a)
2.7, J1b,2 (J5,6b) 3.3, J2,3 (J4,5) 7.9 Hz, H-2/H-5), 3.42 (6H, s,
CH3O), 3.52 (6H, s, CH3O), 3.54 (2H, d, J2,3 (J4,5) 7.9 Hz, H-3/
H-4), 3.72 (2H, dd, J1a,1b (J6a,6b) 12.1, J1b,2 (J5,6b) 2.6 Hz, H-
1b/H-6b), 3.98 (2H, dd, J1a,1b (J6a,6b) 12.1, J1a,2 (J5,6a) 3.4 Hz,
H-1a/H-6a); 13C NMR (125.7 MHz, CDCl3, d): 56.7, 60.8
(CH3O), 58.8 (C-1/C-6), 78.7 (C-3/C-4), 80.1 (C-2/C-5).
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HRMS (ESI, Q-Tof, m/z): [M þ Na]þ, calcd for [C10H22O6Na]
þ:

261.1309, found: 261.1318.

1,6-Di-O-phenyloxycarbonyl-2,3,4,5-tetra-O-methyl-D-
mannitol (9)
To a solution of Compound 8 (0.2 g, 0.8 mmol) in dry pyri-
dine (2.5 mL), phenylchloroformate (0.28 mL, 1.81 mmol)
was added. The mixture was stirred at rt for 2 h. After sub-
sequent addition of MeOH and toluene, the mixture was con-
centrated and purified by column chromatography (hexane/
EtOAc 4:1) to yield 9 as a white crystalline solid (0.33 g,
85% from 5); mp 97–99 �C; [a]D

25 ¼ þ42.0 (c ¼ 1.0 in
CHCl3); IR (KBr): m ¼ 1764 cm�1 (s, C¼¼O); 1H NMR (500
MHz, CDCl3, d): 3.50 (6H, s, CH3O), 3.53 (6H, s, CH3O), 3.59
(2H, ddd, J1a,2 (J5,6a) 2.3, J1b,2 (J5,6b) 3.4, J2,3 (J4,5) 8.0 Hz, H-
2/H-5), 3.66 (2H, d, J2,3 (J4,5) 8.0 Hz, H-3/H-4), 4.33 (2H, dd,
J1a,1b (J6a,6b) 12.0, J1b,2 (J5,6b) 3.4 Hz, H-1b/H-6b), 4.92 (2H,
dd, J1a,1b (J6a,6b) 12.0, J1a,2 (J5,6a) 2.1 Hz, H-1a/H-6a), 7.43-
7.22 (10H, m, H-aromatic); 13C NMR (125.7 MHz, CDCl3, d):
57.2, 60.8 (CH3O), 65.2 (C-1/C-6), 78.2 (C-3/C-4), 78.7 (C-2/
C-5), 121.0, 126.0, 129.4, 151.1 (C-aromatic), 153.7 (CO).
Anal. calcd for C24H30O10: C 60.24, H 6.32. Found: C 60.50, H
6.68. HR-MS (ESI, Q-Tof, m/z): [M þ Na]þ, calcd for
[C24H30O10Na]

þ: 501.1731, found: 501.1732.

General Procedure for the Polymerization
To an equimolar mixture of a,x-diamine (5, 11–13) and 9
(0.2–0.3 mmol) in THF or DMF, DIPEA was added. The mix-
ture was stirred under argon atmosphere under the condi-
tions indicated in Table 1. The reaction temperature was 85
�C, except for Entry 2 that was 100 �C. Then, the solvent
was evaporated, and the residue was purified by dissolution
in CH2Cl2 and precipitation with hexane. This procedure was
repeated three times.

Preparative Scale Synthesis of Polyurethanes 10, 14–16
For the synthesis of 10 in preparative scale, the dicarbonate
9 (0.223 g, 0.47 mmol) and the diamine 5 (0.111 g, 0.47
mmol) were dissolved in THF, and the polymerization was
conducted under the conditions of Table 1, Entry 5. Polyur-
ethane 10 was isolated as a white foam; [a]D

25 ¼ þ11.4 (c
¼ 0.7 in MeOH); IR (KBr): m ¼ 3338 (w, NAH), 1718 (s,
C¼¼O), 1524 cm�1 (s, NAH); 1H NMR (500 MHz, CDCl3, d)
3.42, 3.43, 3.48, 3.53 (6H each, 4s, CH3O), 3.41–3.54 (12H,
m, CHOCH3, CH2N), 4.14 (2H, d, J1a,1b (J6a,6b) 10.9 Hz, CH2O),
4.66 (2H, d, J1a,1b (J6a,6b) 10.9 Hz, CH2O), 5.15 (2H, br s, NH).
13C NMR (125.7 MHz, CDCl3, d) 39.3 (CH2N), 56.9, 60.7, 60.9
(4 CH3O), 61.7 (CH2O), 78.3, 78.7, 79.1, 79.9 (CHOCH3),

156.5 (CO2NH). Anal. calcd for [C22H42N2O12.(H2O)0.5]n: C
49.34, H 8.09, N 5.23. Found: C 49.13, H 7.96, N 5.37.

Polyurethanes 14 and 15 were prepared as described for
10. In the case of 16, DIPEA was used as solvent to give a
0.5 M initial concentration of comonomers 9 and 13. The po-
lymerization reaction was conducted at 85 �C for 48 h.

Polyurethane 14, [a]D
25 ¼ þ11.0 (c ¼ 0.8 in CHCl3); IR

(KBr): m ¼ 3334 (w, NAH), 2937 (s, CAH), 1704 (s, C¼¼O),
1539 cm�1 (s, NAH); 1H NMR (500 MHz, CDCl3, d): 1.33
(4H, s, CH2-3’, CH2-4’), 1.50 (4H, t, J2’,3’ (J4’,5’) 6.1 Hz, CH2-2’,
CH2-5’), 3.17 (4H, q, J1’,2’ ¼ J1’,NH (J5’,6’¼ J6’,NH) 6.1 Hz, CH2-1’,
CH2-6’), 3.40, 3.45 (6H each, 2s, CH3O), 3.47 (2H, d, H-2, H-
5), 3.54 (2H, d, J2,3 (J4,5) 8.1 Hz, H-3, H-4), 4.08 (2H, d, J1a,1b
(J6a,6b) 11.7 Hz, H-1a, H-6a), 4.65 (2H, d, J1a,1b (J6a,6b) 11.7
Hz, H-1b, H-6b), 4.90 (2H, br s, NH). 13C NMR (125.7 MHz,
CDCl3, d): 26.3 (CH2-3’, CH2-4’), 29.8 (CH2-2’, CH2-5’), 40.9
(CH2-1’, CH2-6’), 56.7, 60.6 (CH3O), 61.0 (CH2O), 78.2, 78.5
(CHOCH3), 156.4 (CO2NH). Anal. calcd for [C20H40N2O8]n: C
53.19, H 8.43, N 6.89. Found: C 53.21, H 8.20, N 6.90.

Polyurethane 15, [a]D
25 ¼ þ9.4 (c ¼ 0.8 in CHCl3); IR (KBr):

m ¼ 3338 (w, NAH), 2932 (s, CAH), 1704 (s, C¼¼O), 1535
cm�1 (s, NAH); 1H NMR (500 MHz, CDCl3, d): 1.27 (8H, s,
CH2-3’�CH2-6’), 1.46 (4H, s, CH2-2’, CH2-7’), 3.14 (4H, d,
J1’,NH (J8’,NH) 5.4 Hz, CH2-1’, CH2-8’), 3.38, 3.43 (6H each, 2s,
CH3O), 3.38-3.52 (4H, m, H-2�H-5), 4.06 (2H, d, J1a,1b (J6a,6b)
12.2 Hz, H-1a, H-6a), 4.63 (2H, d, J1a,1b (J6a,6b) 12.2 Hz, H-1b,
H-6b), 4.85 (2H, br s, NH). 13C NMR (125.7 MHz, CDCl3, d):
26.6 (CH2-4’, CH2-5’), 29.1 (CH2-3’, CH2-6’), 29.8 (CH2-2’, CH2-
7’), 41.0 (CH2-1’, CH2-8’), 56.7, 60.6 (CH3O), 60.9 (CH2O),
78.1, 78.4 (CHOCH3), 156.3 (CO2NH). Anal. calcd for
[C20H38N2O8.(H2O)0.5]n: C 54.16, H 8.86, N 6.32. Found: C
53.96, H 8.84, N 6.16.

Polyurethane 16, [a]D
25 ¼ þ7.3 (c ¼ 1.2 in CHCl3); IR (KBr):

m ¼ 3337 (w, NAH), 2928 (s, CAH), 1704 (s, C¼¼O), 1535
cm�1 (s, NAH); 1H NMR (500 MHz, CDCl3, d): 1.23, 1.26
(16H, 2 s, H-3’�H-10’), 1.47 (4H, m, H-2’, H-11’), 3.16 (4H, d,
J1’,NH (J12’,NH) 6.2 Hz, H-1’, H-12’), 3.40, 3.44 (6H each, 2s,
CH3O), 3.40–3.53 (4H, m, H-2�H-5), 4.07 (2H, dd, J1a,2 (J5,6a,)
2.8, J1a,ab (J6a,6b) 12.2 Hz, H-1a, H-6a), 4.63 (2H, d, J1a,ab
(J6a,6b) 12.2 Hz, H-1b, H-6b), 4.81 (2H, br s, NH). 13C NMR
(125.7 MHz, CDCl3, d): 26.7, 29.2, 29.5 (CH2-3’�CH2-10’),
29.9 (CH2-2’, CH2-11’), 41.1 (CH2-1’, CH2-12’), 56.7, 60.6
(CH3O), 61.0 (CH2O), 78.2, 78.4 (C-2�C-5), 156.3 (CO2NH).
Anal. calcd for C24H46N2O8: C 58.75, H 9.45, N 5.71. Found:
C 58.51, H 9.64, N 5.60.

TABLE 1 Polymerization of Comonomers 5 and 9 and Properties of Polyurethane 10

Entry Solvent Monomer (M) DIPEA (M) Time (d) Yield (%) Mw
a Mn

a Mw/Mn Mn
b

1 DMF 0.1 0.4 2 58 4,850 4,390 1.10 4,710

2 DMF 0.5 3.0 4 57 4,160 3,750 1.11 4,100

3 THF 0.1 0.4 4 72 5,170 4,270 1.21 5,230

4 THF 0.5 3.0 7 61 14,170 12,780 1.11 10,180

5 THF 0.5 1.5 4 70 21,020 14,960 1.40 11,550

a Determined by SEC. b Determined by end-group analysis based on 1H NMR spectroscopy.
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RESULTS AND DISCUSSION

The a,x-diazidoderivative 3 was used as precursor of the
1,6-diamino-1,6-dideoxy-D-mannitol (5). The most commonly
used preparations of a,x-diazidoalditols start from bis-epox-
ides,35 bis-sulfonates,36 bis-cyclic sulfites,32 or bis-halogeno
derivatives.32,37 We have used the 1,6-dibromo derivative 2
(Scheme 1) as it is readily obtained from mannitol (1)
through a one-pot procedure. Nucleophilic substitution of
the bromine atoms in 2 by azide afforded the 1,6-diazide de-
rivative 3. The subsequent replacement of the acetoxy
groups of 2 by methyl ethers, using methyl iodide in alkaline
DMSO, led to 4. Hydrogenolysis of the azide function of 4
under neutral conditions afforded the 1,6-diamine derivative
5 (40% overall yield from 1). This compound has been pre-
viously synthesized by Galbis and coworkers33 through a
longer (eight steps) and lower yielding route from 1.

The 1,6-diphenylcarbonate 9 was readily prepared from D-
mannitol (1) via the intermediate per-O-methyl-1,6-di-O-trityl
derivative 734 (Scheme 2). Acid hydrolysis of the trityl ether
groups of 7 with trifluoroacetic acid in CH2Cl2 gave 2,3,4,5-
tetra-O-methyl-D-mannitol (8). The terminal free hydroxyl
groups in 8 were converted into phenylcarbonates by treat-
ment with phenylchloroformate in pyridine.

In accordance with the presence of a C2 axis of symmetry in
the structure of both comonomers 5 and 9, their 13C NMR
spectra exhibited just one signal for the chemically equiva-
lent carbon atoms (C-1/C-6, C-2/C-5, and C-3/C-4). Similarly,
the 1H NMR spectra of 5 and 9 showed a single signal for
symmetric protons. The equivalent methyl and phenyloxycar-
bonyl groups presented an analogous behavior.

The preparation of a stereoregular polyurethane starting
from the diamine 5 and dicarbonate 9 relies on the C2 sym-
metry of these two chiral comonomers. As the reacting

groups in each unit are equivalent, the formation of
regioisomers during the polycondensations is prevented, and
a stereoregular polymer is obtained.

The polymerization of equimolar amounts of comonomers 5
and 9 was performed using tetrahydrofuran (THF) or N,N-
dimethylformamide (DMF) as solvents and in the presence of
an excess of N,N-diisopropylethylamine (DIPEA). The condi-
tions of the polymerization reaction were optimized to obtain
polyurethane 10 in good yield and with a high-molecular
weight. Selected results are shown in Table 1. The use of DMF
as polymerization solvent led to low-molecular weights, even
when the polycondensation reaction was conducted with high
concentration of comonomers (Entry 2). Polymerizations per-
formed in THF gave more satisfactory results. An increase in
the concentration of the reacting comonomers produced an
increment in the molecular weight of the polymer. However,
high concentration of DIPEA and long polymerization times
(Entry 4) led to lower yields, probably because of the
increased degradation of the amines (the reaction mixtures
became dark), which hinders the isolation and purification of
the polyurethane. The optimized conditions for the prepara-
tion of 10 correspond to those indicated in Entry 5. Therefore,
they were applied for the preparative scale synthesis of the
polymer, which was obtained with reproducible yields
(>70%) and Mw values similar to those reported in Entry 5.

The same reaction conditions were also used for the synthe-
sis of polyurethanes 14 and 15 (Scheme 3). However, the po-
lymerization of 9 with dodecamethylenediamine (13) was
performed using DIPEA as solvent, as 13 was not soluble in
THF. The polymers were purified by dissolution in CH2Cl2
and precipitation with hexane. The isolated yields are
reported in Table 2.

The evolution of the polymerization could be followed by 1H
NMR spectroscopy. In fact, the spectrum of the purified

SCHEME 1 Synthesis of 1,6-diamine 5 derived from D-mannitol.

SCHEME 2 Synthesis of 1,6-di-O-phenylcarbonate 9 derived from D-mannitol.
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polyurethane 10 (Entry 5) was quite simple, as shown in
Figure 1(a). The resonance of the urethane proton (NH)
appeared at lower field, and then signals were detected for
the protons H-1a/H-6a and H-1b/H-6b of the methylene
groups linked to oxygen. All the other signals due to the pro-
tons of the polymer chain appeared as a complex multiplet,
overlapped with the four singlets of the methyl ethers. The
1H NMR spectra of polymers having low-molecular weight
showed signals due to terminal groups [Fig. 1(b)]. For exam-
ple, the polyurethane prepared according to the conditions
of Entry 3, exhibited additional signals corresponding to the
protons of the methylene group bonded to the phenylcarbon-
ate. The chemical shifts of these resonances were similar to
those of the analog function in the comonomer 9. In addi-
tion, the integrals of the terminal methylene group signals
are coincident with those of the aromatic protons of the phe-
nyloxy group. The end-group analysis allowed us to deter-
mine the molecular weight (Mn) of the polyurethane 10
obtained under the various conditions studied.

The 13C NMR spectrum of 10 (Entry 5) (Fig. 2) showed dis-
tinctive signals for the urethane carbon (156.5 ppm), the
methylene carbons bonded to oxygen (61.3 ppm) and to
nitrogen (39.1 ppm) and those corresponding to the methyl
ether groups (�60 ppm). Interestingly, in the 13C NMR spec-
trum of polyurethane 10 of low-molecular weight, the phe-
nyloxy carbons of the terminal groups exhibited much higher
intensity with respect to the corresponding CHO signals and
also much more intense if compared with the integrals esti-
mated from the 1H NMR spectrum. These results suggest
that the carbons of the more exposed terminal aromatic
groups and the carbons of the polymer chain have consider-
ably different relaxation times.

The NMR spectra of 10 were also recorded in DMSO-d6 solu-
tion, as the NH and CO signals of urea functionalities are
well separated.28,38 The fact that only signals due to ure-
thane atoms appeared, excluded the formation of urea link-
ages (dNH � 6.1) during the polymerization. However, the 1H
NMR spectrum of 10 in DMSO-d6 revealed the presence of
both the trans (d � 7.17) and cis (d � 6.83) carbamate
forms (ratio trans-cis, 84:14), as reported for common
polyurethanes.38,39

The FTIR spectrum of 10 showed characteristic absorptions
for the urethane group at 3337 (wide, NH stretching), 1718
(strong, urethane carbonyl stretching), and 1524 cm�1

(strong, NH band II). In coincidence with the NMR data, the
peak due to urea carbonyl (�1660 cm�1) was absent for all
samples. The spectrum of polyurethane 10, Entry 3, exhib-
ited a strong absorption at 1718 cm�1 and a shoulder at
1764 cm�1, which was assigned to the carbonate absorption,
as it was coincident with the peak observed for dicarbonate
9. Polyurethanes 14–16 presented, similar to 10, the bands
corresponding to the urethane group (Table 2). In addition,
the CH absorption at 2930 cm�1 became progressively more
intense from 14 to 16, due to the increasing length of the
polymethylene chain.

Thermal Analysis
The thermal stability of the polyurethanes was evaluated by
TGA under an inert atmosphere, in the range of 50 to 500
�C. The TG curves showed that decomposition takes place
through one or two stage processes, and the decomposition
temperatures (Td), calculated from the corresponding deriva-
tive traces, were similar for the four polymers (Table 1).

SCHEME 3 Synthesis of polyurethanes 10, 14–16.

TABLE 2 Properties of Polyurethanes 10, 14–16

PU Yield (%) Mw
a Mn

a Mn/Mw Mnb [a]D FTIR (HNCO2, cm
�1) Tg (�C) Td (�C)

10 70 21,020 14,960 1.35 11,550 11.4 1,718, 1,524 61.2 303.8

14 69 24,250 17,490 1.99 17,540 11.0 1,704, 1,539 53.3 311.9

15 81 17,820 13,170 2.00 n.d.c 9.4 1,704, 1,535 53.1 327.4

16 77 18,860 14,470 1.66 11,340 7.3 1,704, 1,535 38.5 304.3

a Determined by SEC.
b Determined by end-group analysis based on 1H NMR spectroscopy.

c Terminal groups were not detected.
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FIGURE 1 1H NMR spectra of polyurethane 10 (a) Entry 5, Table 1; (b) Entry 3, Table 1.

FIGURE 2 13C NMR spectra of polyurethane 10 (a) Entry 5, Table 1; (b) Entry 3, Table 1.



The DSC traces for polyurethanes 14–16 did not show any
thermal transitions during the first heating cycle. Therefore,
we are dealing with amorphous materials. Similarly, polyur-
ethanes derived from hexamethylene diisocyanate and threi-
tol, arabinitol and xylitol, with their secondary hydroxyl
groups protected as methyl ethers, are essentially amor-
phous polymers displaying DSC traces absent of any heat
change.6 The lack of crystallinity may be attributed to the
effect of alternating unsubstituted and O-methyl substituted
units that could distort severely the packing of the polymer
chain. However, polyurethane 10, having both comonomers
O-methyl substituted, showed for the first heating cycle two
weak and broad endotherms with low DH values, which may
be interpreted as arising from a small crystalline fraction
present in the material. On cooling after the first heating, all
the polymers studied here showed glass transitions (Tg) at
well-defined temperatures. The same Tg values were meas-
ured for subsequent heating and cooling cycles. The heating
DSC traces for samples quenched from the melt exhibited Tg
values that were highly dependent on the constitution of the
polymers. In agreement with the behavior of similar materi-
als,6,9 the replacement of the polymethylene chain by the
diamine derived from D-mannitol led to an increment in Tg.
On the other hand, the smaller Tg value corresponded to pol-
yurethane 16, having the longer and more flexible poly-
methylene chain. It has been reported that the values of Tg
usually decrease with increase in the length of the oligoethy-
lene spacers in the polyurethane backbone.40 This is an im-
portant observation as the thermal properties, particularly
the Tg, of polyurethanes can be tuned by using appropriate
diamines.

CONCLUSIONS

A set of novel linear and homogeneous [m,n]-polyurethanes
with enhanced hydrophilicity have been successfully pre-
pared using D-mannitol as starting material. As this alditol
possesses a C2 axis of symmetry, the terminal functional
groups are homotopic, and hence the resulting polymers are
stereoregular. Under optimized conditions, the key comono-
mer 1,6-di-O-phenyloxycarbonyl-2,3,4,5-tetra-O-methyl-D-
mannitol (9) reacted with a mannitol-derived diamine to
afford a [6,6]-polyurethane entirely based on a sugar precur-
sor. A similar polymerization with alkylenediamines led to
polymers with a repeating unit constituted by a poly-O-
methyl substituted residue alternating with a polymethylene
chain.

The structure and homogeneity of the new polymers was
confirmed by NMR and FTIR spectroscopies. The DSC analy-
sis revealed that the polyurethanes obtained are essentially
amorphous materials. Quenched from the melt they pre-
sented Tg values in the range 38–61 �C, that were dependent
on the structure and length of the diamine comonomer. The
maximum decomposition rate took place above 300 �C.
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