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a  b  s  t  r  a  c  t

A  short  synthesis  of  chemoselective  chitosan  derivatives  was  achieved  by  copper-catalyzed  Huisgen
cycloaddition,  which  is an  ideal  reaction  for click  chemistry,  by  using  N-(4-azidophthaloyl)-chitosan.  N-
(4-azidophthaloyl)-chitosan  was  prepared  through  chemoselective  N-bromophthaloylation  of  chitosan
in acidic  water  and  subsequent  azidation.  The  obtained  N-(4-bromopthaloyl)-chitosan  had  higher  sol-
ubility in  common  solvents  than  conventional  phthaloyl  chitosan.  N-(4-azidophthaloyl)-chitosan  was
eywords:
hitosan derivatives
lick chemistry
uisgen cycloaddition
hemoselective modification

successfully  converted  with  ethynyl  derivatives  having  functional  groups  (hydroxymethyl,  phenyl,  and
methyl ester)  in  the  presence  of  copper(II)  sulfate,  sodium  ascorbate  and/or  trimethylamine.  FT-IR  spec-
tra, elemental  analyses,  and 1H and 13C  NMR  spectra  supported  that  the  desired  chitosan  derivatives  were
chemoselectively  transferred  by  these  groups  with  a 1,4-triazole  linker.

© 2012 Elsevier Ltd. All rights reserved.

hthaloylation

. Introduction

Chitosan is obtained by deacetylation of chitin, which is the
tructural material in the exoskeleton of arthropods and the
econd most abundant polysaccharide in nature, after cellulose.
hitosan, the linear and partly acetylated (1–4)-2-amino-2-deoxy-
-d-glucan (Muzzarelli et al., 2012), has great potential for use in

he design of advanced biomaterials (Muzzarelli, 2009). Chemical
odification of chitosan is a typical way to design novel mate-

ials from chitosan. In particular, region- and/or chemo-selective
odification with a controlled well-defined molecular structure

s the most important key for the development of novel chitosan
erivatives with useful properties (Kurita, 2001).

“Click chemistry” was first described by Bally Sharpless, and
s tailored to generate substances quickly and reliably by joining
mall units together (Kolb, Finn, & Sharpless, 2001). One of the
ost popular reactions within the click chemistry concept is Cu(I)

atalyst azide alkyne Huisgen cycloaddition, due to its high regios-
lectivity, quantitative yield, and mild reaction conditions without

eneration of by-products (Lee et al., 2003; Rostovtsev, Green,
okin, & Sharpless, 2002). This efficient coupling reaction has great
otential to build up several polymers with complex structures
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niversity, 4-101 Koyama-cho Minami, Tottori 680-8550, Japan.
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144-8617/$ – see front matter ©  2012 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2012.06.074
(Manetsch et al., 2004; Wu  et al., 2004). In a previous report, we
presented the first successful preparation of highly regioselective
chitosan derivatives via click chemistry using a 6-azido-6-deoxy
chitosan derivative (Ifuku, Wada, Morimoto, & Saimoto, 2011).
Application of click chemistry with chitosan allows us to design
various chitosan based materials via a one-step reaction from an
azido-chitosan. Moreover, this synthetic strategy enables further
chemical modification at the residual positions of chitosan, which
leads to the creation of finely designed novel chitosan derivatives
having several different functional groups at each position. How-
ever, the previously reported method requires 3 steps to provide an
azido-chitosan derivative (Fig. 1). Protection of the amino group of
chitosan using phthalic anhydride increases the number of reaction
steps. Accordingly, in this study, we improved the synthetic strat-
egy to reduce the number of reaction steps as shown in Fig. 2. That
is, 4-bromophthalic anhydride was used for chemoselective bromi-
nation of chitosan. Also azido-chitosan derivative (3), the reactant
for the Huisgen reaction, could be easily obtained by subsequent
azidation. Thus, 4-bromophthalic anhydride was not used for pro-
tection, but as a one-step chemoselective bromination reagent for
chitosan in this study.

2. Experimental
2.1. Materials

4-Bromophthalic anhydride (cat. no. B1693), 2-propyn-1-ol
(cat. no. P0536), ethynylbenzene (cat. no. E0196), and methyl

dx.doi.org/10.1016/j.carbpol.2012.06.074
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:sifuku@chem.tottori-u.ac.jp
dx.doi.org/10.1016/j.carbpol.2012.06.074
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Fig. 1. Previously reported synthetic schem

ropiolate (P0528) were purchased from Tokyo Chemical Indus-
ry (Tokyo, Japan). Sodium azide (cat. no. 197-11091), copper(II)
ulfate pentahydrate (cat. no. 039-04412), sodium ascorbate (cat.
o. 196-01252), and triethylamine (cat. no. 202-02641) were pur-
hased Wako Pure Chemicals (Tokyo). All chemicals were used as
eceived. Chitosan with a 99% degree of deacetylation (DDA) and

 number average molecular weight (Mn) of 40,000 was  prepared
rom the further deacetylation of chitosan (DDA = 90%, Mn = 55,300;
oyo Chemical Company, Osaka, Japan) using 40% NaOH and was

horoughly dried by freeze-drying prior to use.

.2. Preparation of N-(4-bromophthaloyl)-chitosan (2)

N-(4-bromophthaloyl)-chitosan was prepared being referring
o previously reported procedure (Ifuku, Miwa, Morimoto, &
aimoto, 2011). Fully deacetylated chitosan (1) (1.02 g, 6.4 mmol
f anhydroglucosamine unit) was refluxed with 4-bromophthalic
nhydride (4.22 g, 18.6 mmol) in 100 mL  of AcOH/H2O (1.0% (v/v))
or 48 h. After the reaction, the mixture was cooled to room tem-
erature, and the precipitate was collected by centrifugation. The
roduct was dispersed in methanol, filtered, washed thoroughly
ith methanol, and dried at 100 ◦C under a vacuum. Yield: 1.73 g

99%). DSBrPhth: 1.01. Elemental analysis: Calcd.: C 45.43, H 3.27,
 3.78%; Found: C 43.82, H 3.79, N 3.63%. 1H NMR  (DMSO-d6): ı

ppm) = 7.97, 7.74 (phth), 5.04–2.93 (H-1–H-6). 13C NMR  (DMSO-
6): ı (ppm) = 166.68, 166.13 (C Ophth), 137.07–124.71 (phth),
7.38 (C-1), 79.01–68.68 (C-3–C-5), 59.50 (C-2), 56.78 (C-6). FT-
R (ATR): � (cm−1) = 3445 (OH), 2886 (C H), 1775, 1708 (C Oimide),
150–1000 (pyranose), 742 (arom).

.3. Preparation of N-(4-azidophthaloyl)-chitosan (3)

For N-(4-azidophthaloyl)-chitosan (3), N-(4-bromophthaloyl)-
hitosan (2) (0.40 g, 1.5 mmol) was dissolved in 340 mL  of N-
ethyl-2-pyrrolidone (NMP), and sodium azide (0.71 g, 10.9 mmol)
as added to the solution. The mixture was stirred at 80 ◦C for

4 h under an argon atmosphere. The mixture was then filtered
o remove the salts, and the filtrate was precipitated into ethanol.

he precipitate was filtered, and washed with ethanol and acetone.
ther washing solvents also will be available. After drying at 100 ◦C

or 8 h under a vacuum, N-(4-azidophthaloyl)-chitosan (3) was
btained. Yield: 0.27 g (74%). DSN3: 0.67. Elemental analysis: Calcd.:

ig. 2. Synthetic scheme for the preparation of chitosan derivatives 4. Reagents and con
MP,  80 ◦C, 24 h; (iii) alkyne derivatives, CuSO4·5H2O, sodium ascorbate, TEA, DMSO, 70 ◦
 chemoselective azido chitosan derivative.

C 50.61, H 3.64, N 16.86%; Found: C 44.69, H 4.39, N 11.45%. 1H NMR
(DMSO-d6): ı (ppm) = 8.01, 7.83, 7.47 (phth), 5.05–2.93 (H-1–H-6).
13C NMR  (DMSO-d6): ı (ppm) = 168.31 (C Ophth), 147.74–115.32
(phth), 99.23 (C-1), 81.05–70.52 (C-3–C-5), 61.29 (C-2), 58.32 (C-
6). FT-IR (ATR): � (cm−1) = 3423 (OH), 2931 (C H), 2121 (N3), 1772,
1702 (C Oimide), 1150–1000 (pyranose), 746 (arom).

2.4. Reaction of N-(4-azidophthaloyl)-chitosan (3) with terminal
alkyne derivatives

The general procedure for the chitosan derivatives 4a and
4b was as follows: N-(4-azidophthaloyl)-chitosan (3) (0.10 g,
0.42 mmol) was dissolved in dimethyl sulfoxide (DMSO, 20 mL),
and copper(II) sulfate pentahydrate (4.6 mg,  in 0.2 mL of dis-
tilled water), sodium ascorbate (3.8 mg,  in 0.1 mL of distilled
water), triethyl amine (0.6 mL), and 0.84 mmol of terminal alkyne
derivative (2-propyn-1-ol and ethynyl benzene) were added,
and the mixture was stirred at 70 ◦C for 48 h. A mixture of
diethyl ether-2-propanol (1/1 (v/v)), stirred at room temper-
ature for 5 h, collected by filtration, washed with mixture of
diethyl ether-2-propanol (1/1 (v/v)), and dried in a vacuum at
100 ◦C for 8 h. To prepare polymer 4c,  N-(4-azidophthaloyl)-
chitosan (3) (0.10 g, 0.42 mmol) was dissolved in dimethyl sulfoxide
(DMSO, 20 mL), and copper(II) sulfate pentahydrate (4.6 mg, in
0.2 mL  of distilled water), sodium ascorbate (3.8 mg,  in 0.1 mL
of distilled water), and methyl propiolate (75.2 �L, 0.90 mmol)
were added, and the mixture was stirred at 70 ◦C for 96 h. The
mixture was  washed and dried using the same procedure as
above. Compound 4a:  Yield: 92 mg  (80%). 1H NMR  (DMSO-d6):
ı (ppm) = 8.86 (triazole), 8.35–7.83 (phth), 5.20–3.72 (H-1–H-6),
4.64 (methylene). 13C NMR  (DMSO-d6): ı (ppm) = 168.54 (C Ophth),
151.54, 123.36 (C Ctriazole), 143.03–116.12 (phth), 95.58 (C-1),
81.28–70.90 (C-3–C-5), 61.65 (C-2), 58.89 (C-6), 56.81 (CH2OH).
FT-IR (KBr): � (cm−1) = 3379 (OH), 2934 (C H), 1774, 1710
(C Oimide), 1150–1000 (pyranose), 747 (arom). Compound 4b:
Yield: 101 mg (79%), 1H NMR  (DMSO-d6): ı (ppm) = 9.47 (tria-
zole), 8.41–7.82 (phth), 7.52–7.42 (phenyl), 5.29–3.71 (H-1–H-6),
4.35 (methylene). 13C NMR  (DMSO-d6): ı (ppm) = 168.49 (C Ophth),

149.64, 121.85 (C Ctriazole), 142.86–116.02 (phth), 131.75–127.31
(phenyl), 99.62 (C-1), 77.23–56.98 (C-2–C-5), 54.59 (methylene),
49.08 (C-6). FT-IR (KBr): � (cm−1) = 3381 (OH), 2933 (C H), 1773,
1709 (C Oimide), 1150–1000 (pyranose), 747–744 (phenyl), 746

ditions: (i) 4-bromophthalic anhydride, 1.0 vol.% AcOH aq, 48 h, reflux; (ii) NaN3,
C, 48 h.
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derivative (2) prepared in aqueous acetic acid has highly uniform
N-(4-bromophthaloyl) glucosamine repeating units.
184 S. Ifuku et al. / Carbohydrat

arom). Compound 4c:  Yield: 111 mg  (91%), 1H NMR  (DMSO-d6):
 (ppm) = 9.66 (triazole), 8.42–7.78 (phth), 5.09-3.75 (H-1–H-6),
.91 (methyl). 13C NMR  (DMSO-d6): ı (ppm) = 168.13 (C Ophth),
61.96 (C Oester) 141.55, 129.58 (triazole), 142.13-116.80 (phth),
9.33 (C-1), 80.93–70.63 (C-3–C-5), 61.42 (C-2), 58.74 (C-6), 53.62
OCH3). FT-IR (KBr): � (cm−1) = 3440 (OH), 2951 (C H), 1775, 1710
C Oimide), 1150–1000 (pyranose), 746 (arom).

.5. Characterization

1H and 13C NMR  spectra were recorded using a JEOL JNM-LA400
nd Bruker AVANCE II600 spectrometer, respectively. Chemi-
al shifts were referenced to tetramethyl silane (TMS; 0.0 ppm).
nfrared spectra were recorded with a FT-IR spectrometer (Spec-
rum 65; Perkin-Elmer Japan Co. Ltd., Tokyo) equipped with an
TR attachment (Universal ATR; Perkin-Elmer Japan Co. Ltd.). All

he spectra were obtained by accumulation of 16 scans, with res-
lution of 4 cm−1, at 400–4000 cm−1. The degrees of substitution
DS) of the series of chitosan derivatives were calculated from the

 and N contents in the elemental analysis (EA) data obtained
sing an elemental analyzer (Elementar Vario EL III; Elementar,
anau, Germany). X-ray diffraction profiles of the nanofibers were
btained with Ni-filtered CuK� from an X-ray generator (Ultima IV,
igaku) operating at 40 kV and 30 mA.  The diffraction profile was
etected using an X-ray goniometer scanning from 5◦ to 40◦.

. Results and discussion

.1. Preparation of N-(4-azidophthaloyl)-chitosan (3)

For application of the Huisgen reaction to chitosan, the N-
4-azidophthaloyl)-chitosan (3) was prepared according to the
ynthetic scheme in Fig. 2. It is well known that chemical
odification of chitosan with a phthaloyl group can lead to N-

hemoselective substitution. Recently, we reported that highly
hemoselective N-phthaloylation of chitosan was achieved in acidic
ater (Ifuku, Miwa, et al., 2011). Thus, we applied this study for
-(4-bromophthaloylation) of chitosan in aqueous media. Fully
eacetylated chitosan dissolved in AcOH/H2O with a concentra-
ion of 1.0% (v/v) was treated with 4-bromophthalic anhydride
nder reflux for 48 h. After the reaction, the precipitate was
ollected by filtration. The DS value of N-(4-bromophthaloyl)-
hitosan (2) determined by elemental analysis was approximately
. This result suggests that the 4-bromophthaloyl group was
uccessfully introduced into highly reactive amino groups in
queous acetic acid. The FT-IR spectra of the chitosan (1) and
-(4-bromophthaloyl)-chitosan (2) are shown in Fig. 3a and b,

espectively. The strong bands at 1775 and 1708 cm−1 correspond
o the characteristic absorption of C O stretching vibration bands
f phthalimide groups (Fig. 3b). It should be emphasized that
he bromophthaloyl group improved the solubility of chitosan in
rganic solvents. It is known that conventional phthaloyl chitosan
s soluble in particular certain kinds of organic solvents, includ-
ng m-cresol, dichloroacetic acid, and N,N-dimethylacetamide/8%
iCl, though it is insoluble in more common aprotic polar sol-
ents (Kurita, Ikeda, Yoshida, Shimojoh, & Harata, 2002). On
he other hand, N-(4-bromophthaloyl)-chitosan (2) is highly sol-
ble in common solvents such as dimethylsulfoxide (DMSO),
,N-dimethyl formamide (DMF), N,N-dimethylacetamide (DMAc),
nd N-methylpyrrolidone (NMP). The difference in solubility is
ttributed to their crystallinities. Fig. 4 shows the X-ray diffraction

rofiles of N-phthaloyl-chitosan and the N-(4-bromophtaloyl)-
hitosan (2). In Fig. 4a, multiple characteristic peaks with sharp
ontrast show that the conventional N-phthaloyl-chitosan had

 clear crystal pattern. The high crystallinity resulted in low
Fig. 3. FT-IR spectra of the chitosan (a), N-(4-bromophthaoyl)-chitosan (b), and N-
(4-azidophthaloyl)-chitosan (c).

solubility. On the other hand, N-(4-bromophtaloyl)-chitosan (2)
had much lower crystallinity than phthaloyl chitosan (Fig. 4b). The
balky bromine group should interfere with the crystallization of the
polymer 2, resulting in high solubility. Although phthaloylation is
known to be the most important reaction in chitosan chemistry for
protecting its amino group, the highly chemoselective N-phthaloyl-
chitosan has low solubility. Therefore, 4-bromophthaloylation in
an aqueous solvent could be a novel protection reaction of chi-
tosan, because highly soluble N-protected chitosan enables us
further chemical modification in a homogeneous reaction system.
Owing to the high solubility, the 13C NMR  spectrum of the poly-
mer  2 was measurable in DMSO-d6 (Fig. 5). Aromatic carbons were
observed as six peaks at 124.7, 125.8, 127.9, 129.8, 132.8, and
137.1 ppm, and carbonyl carbons were observed as two peaks at
166.1 and 166.7 ppm. Moreover, pyranose ring carbons were clearly
observed as six sharp peaks at ı = 56.8 ppm (C6), 59.5 ppm (C2),
68.7 ppm, 74.5 ppm, 79.0 ppm (C3–5), and 97.4 ppm (C1). Thus, the
well-resolved 13C spectrum strongly supports that the chitosan
Fig. 4. X-ray diffraction profiles of (a) N-phthaloyl-chitosan and (b) N-(4-
bromophthaoyl)-chitosan.
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Fig. 5. 13C NMR  spectrum of 

Azidation of the N-(4-bromophthaloyl)-chitosan (2) can be
chieved by a nucleophilic displacement reaction with sodium
zide for 48 h at 80 ◦C (Satoh et al., 2006). In the FT-IR spectrum of
-(4-azidophthaloyl)-chitosan (3), the azide moiety is evident from

he presence of the significant absorption at around 2234 cm−1

Fig. 3c). The DS value of the azide group was estimated to be
.67 from the C and N contents as measured by elemental anal-
sis. The 13C NMR  spectrum of the N-(4-azidophthaloyl)-chitosan

3) is shown in Fig. 6a. All of the peaks associated with the respec-
ive carbon atoms of the polymer 3 were well-resolved as sharp
ignals. The peak at 127.9 ppm (C-Br) was shifted to 115.3 ppm,
upporting substitution of the azide moiety. Other aromatic ring

Fig. 6. 13C NMR  spectra of N-(4-azidophthaloyl)-ch
romophthaoyl)-chitosan (3).

carbons were also observed. Moreover, six pyranose ring carbons
were also clearly observed.

3.2. Copper-catalyzed Huisgen cycloaddition

For preparation of chitosan derivatives via Huisgen cycload-
dition, we selected three different types of terminal alkyne
derivatives—2-propyn-1-ol, ethynylbenzene, and methyl

propiolate—for reasons of their hydrophilicity, aromatic hydropho-
bicity, and high dipole moment, respectively, and also because
of their availability and simple chemical structures. The coupling
reactions between N-(4-azidophthaloyl)-chitosan (3) and terminal

itosan (3) and the triazole derivatives (4a–c).
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ig. 7. FT-IR spectra of 4-azido-phthaloyl chitosan (3) and the triazole derivatives
4a–c).

lkynes were carried out in the presence of Cu(II) sulfate pentahy-
rate and sodium ascorbate at 70 ◦C. Since we have reported that
mines accelerate the triazole formation, triethylamine (TEA) was
dded as a base for the coupling reactions (Ifuku, Wada, et al.,
011). Fig. 7 shows the FT-IR spectra of the coupling reaction
etween polymer 3 and 2-propyn-1-ol or ethynylbenzene in
he presence of TEA. The azide peak at 2234 cm−1 completely
isappeared after 48 h reaction (Fig. 7 (4a and 4b)), indicating a
uantitative conversion of the N3 group. However, in the case of
eaction with methyl propiolate, a residual peak at 2234 cm−1 was
till observed in the presence of TEA. In contrast, without TEA, the
zide peak completely disappeared after the 96 h reaction (Fig. 7
4c)). The difference was probably due to the molecular interaction
f TEA with the carbonyl group of methyl propiolate. The 13C
MR spectra of the triazole chitosan derivatives 4a,  4b,  and 4c
cquired in DMSO-d6 are shown in Fig. 6. The spectrum clearly
hows that the 4-azido-phthaloyl chitosan (3) was modified with
he 1,4-triazole linker by Huisgen cycloaddition. All of the peaks
ssociated with the respective carbon atoms of the derivatives
ere well-resolved as sharp signals. The C atoms of the 1,4-triazole

inkers are clearly observed at ı = 123.4 and 151.5 (4a), 121.9 and
49.6 (4b), and 129.6 and 141.6 (4c) ppm, respectively. All of
he anhydroglucosamine ring carbons are also assigned as sharp
ignals. Moreover, in polymer 4a,  the peak at 56.8 ppm can be
ssigned to the methylene moiety of the hydroxymethyl group. In
olymer 4b,  the signals at 131.8–127.3 ppm are assigned to the

ntroduced phenyl moiety. In polymer 4c,  the peaks at 53.6 and
62.0 ppm are assigned to the methyl and carbonyl moiety of the

ntroduced methyl ester group. These spectra support that the

esired structures of polymers 4a,  4b,  and 4c were achieved. All
f the obtained chitosan derivatives 4a,  4b,  and 4c showed high
olubility in typical aprotic polar solvents such as DMSO, DMF,
MAc, and NMP.
mers 90 (2012) 1182– 1186

4. Conclusions

A short synthesis of chemoselective chitosan derivatives via
click chemistry was achieved. The Huisgen cycloaddition between
N-(4-azidophthaloyl)-chitosan and alkyne-terminated molecules
was  successfully carried out in the presence of Cu(I) catalyst and/or
triethylamine. FT-IR, elemental analysis, 1H NMR, and 13C NMR
spectra supported the desired structure of the chitosan deriva-
tives. Since the desired functional groups with triazole linkers can
be chemoselectively introduced into chitosan by shorter reaction
steps, application of click chemistry to chitosan could be a use-
ful and convenient method for designing novel chitosan materials
with controlled and well-defined structures and promising proper-
ties. Since 4-bromophthalic anhydride was used for bromination of
chitosan, a highly chemoselective azido chitosan derivative could
be obtained by two reaction steps. N-(4-bromophthaloyl)-chitosan
showed higher solubility than conventional phthaloylchitosan.
Since N-phthaloylation is the most frequently used reaction to
protect the amino group of chitosan, 4-bromophthaloylation in
aqueous acetic acid could be an important alternative protection
method.
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