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a b s t r a c t

Highly regioselective chitosan derivatives were achieved by copper-catalyzed Huisgen cycloaddition,
known as an ideal reaction for click chemistry, using 6-azido-6-deoxy-chitosan derivative. The azide moi-
ety introduced through regioselective bromination and azidation of chitosan was successfully converted
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vailable online 29 March 2011
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with ethynyl compounds having functional groups (hydroxymethyl and phenyl groups) in the presence
of copper(II) sulfate, sodium ascorbate and triethylamine. FTIR, elemental analysis, 1H NMR, and 13C NMR
spectra showed that C-6 positions of the chitosan derivative were regioselectively transferred by these
functional groups with 1,4-triazole linker, and the DS values were approximately 1.

© 2011 Elsevier Ltd. All rights reserved.
uisgen cycloaddition
egioselective modification

. Introduction

Chitosan is obtained by deacetylation of chitin, which is
he second most abundant polysaccharide, next to cellulose, in
ature. Chitosan is a linear polysaccharide composed of a �-
1-4)-linked d-glucosamine structure with reactive amino and
ydroxyl groups per anhydroglucosamine unit and inherent chi-
ality. Due to the unique macromolecular structure, chitosan has
reat potential for designing advanced materials. To this end, chem-
cal modification of chitosan is a typical means of developing
ovel chitosan materials. In particular, regioselective and quantita-
ive modification with a controlled well-defined macromolecular
tructure is the most promising candidate to provide novel
hitosan derivatives with potentially useful properties (Kurita,
001).

Recently, Sharpless et al. introduced “click chemistry”, which
s tailored to generating substances quickly and reliably by join-
ng small modular units (Kolb, Finn, & Sharpless, 2001). From the
tandpoint of the click chemistry philosophy, Cu(I)-catalyzed azide
lkyne Huisgen cycloaddition is known to be the most ideal reac-
ion due to its high regioselectivity, quantitative yield, and mild
eaction conditions, without generation of by-products (Lee et al.,

003; Rostovtsev, Green, Fokin, & Sharpless, 2002). This efficient
oupling reaction has widespread applications to build up several
olymers with complex architectures (Manetsch et al., 2004; Wu
t al., 2004).

∗ Corresponding author. Tel.: +81 857 31 5592; fax: +81 857 31 5592.
E-mail address: sifuku@chem.tottori-u.ac.jp (S. Ifuku).

144-8617/$ – see front matter © 2011 Elsevier Ltd. All rights reserved.
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Application of click chemistry with chitosan, especially Huisgen
cycloaddition between regioselective azide chitosan derivatives
and alkyne-terminated desired functional modules, allows us
to design various chitosan-based materials via a one-step reac-
tion. Despite the apparent utility of the reaction, there have
been few reports of click chemistry for chitosan (Bao et al.,
2010; Gao, Zhang, Chen, Gu, & Li, 2009; Kulbokaite, Ciuta,
Netopilik, & Makuska, 2009; Zampano, Bertoldo, & Ciardelli,
2010). To our knowledge, the highly regioselective and quan-
titative modification of chitosan using Huisgen cycloaddition
has not been reported. Accordingly, in this paper, we present
the first successful preparation of highly regioselective chitosan
derivatives via click chemistry using a 6-azido-6-deoxy chi-
tosan derivative with two different kinds of terminal alkynes.
This synthetic strategy will enable further regioselective mod-
ification at the residual C2 and C3 positions of chitosan by
utilizing the difference in reactivity between amino and hydroxyl
groups, which leads to creating finely designed novel chitosan
derivatives having several different functional groups at each posi-
tion.

2. Experimental

2.1. Materials
All chemicals were purchased from Kanto Chemical or Wako
Pure Chemical and used without further purification. Chitosan
with a 99% degree of deacetylation (DDA) and a number average
molecular weight (Mn) of 40,000 was obtained from the complete
deacetylation of chitosan (DDA = 90%, Mn = 55,300, Koyo Chemical)

dx.doi.org/10.1016/j.carbpol.2011.03.030
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:sifuku@chem.tottori-u.ac.jp
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sing sodium hydroxide and was thoroughly dried by freeze-drying
rior to use.

.2. Characterization

1H and 13C NMR spectra were recorded using a JEOL JNM-LA400
nd Bruker AVANCEII600 spectrometer, respectively. Chemical
hifts were referenced to tetramethyl silane (TMS; 0.0 ppm).
nfrared spectra were recorded with a FT-IR spectrometer (Spec-
rum 65, PerkinElmer Japan Co., Ltd.) equipped with an ATR
ttachment (Universal ATR, PerkinElmer Japan Co., Ltd.). All the
pectra were obtained by accumulation of 16 scans, with resolution
f 4 cm−1, at 400–4000 cm−1. Degree of substitution (DS) values of
he series of chitosan derivatives were calculated from the C and

contents in the elemental analysis (EA) data obtained using an
lemental analyzer (Elementar Vario EL III, Elementar).

.3. Preparation of 6-azido-6-deoxy-N-phthaloyl-chitosan (4)

N-phthaloyl chitosan (2) was prepared according to the pre-
iously reported procedure (Kurita, Ikeda, Yoshida, Shimojoh,

Harata, 2002). Fully deacetylated chitosan (2.9 g, 18 mmol
f anhydro glucosamine unit) was dispersed in 60 mL of N,N-
imethylformamide (DMF) containing 5% (v/v) water, and phthalic
nhydride (8.0 g, 54 mmol) was added at room temperature. After
tirring for 8 h, at 120 ◦C under Ar atmosphere, the reaction mix-
ure was allowed to cool to room temperature, and the product was
urified by pouring it into ice water, filtering, and washing it with
istilled water. Further purification was carried out by dispersing

t in methanol and washing it thoroughly with methanol to afford
light brown powder of 2. Yield: 3.5 g.

For the preparation of 6-bromo-6-deoxy-N-phthaloyl chi-
osan (3), N-phthaloyl chitosan (2) (3.4 g, 11.8 mmol) was
ispersed in 337 mL of N-methyl-2-pyrrolidone (NMP) and N-
romosuccinimide (20.5 g, 115 mmol), and triphenylphosphine
30.3 g, 115 mmol) were added to an ice bath, and the mixture
as heated to 80 ◦C and stirred for 2 h under an argon atmosphere.

he reaction mixture was poured into ethanol, and the precipitate
as collected by centrifugation. The polymer was precipitated into

thanol again, filtered, and washed with ethanol, and dried at 40 ◦C
nder vacuum. Yield: 3.6 g.

For 6-azido-6-deoxy-N-phthaloyl-chitosan (4), 6-bromo-6-
eoxy-N-phthaloyl chitosan (3) (3.5 g, 9.9 mmol) was dissolved in
49 mL of NMP, and sodium azide (6.4 g, 98 mmol) was added to
he solution. The mixture was stirred at 80 ◦C for 4 h under an argon
tmosphere. The mixture was filtered to remove the salts, and the
ltrate was precipitated into ethanol. The precipitate was collected
y centrifugation, and the product was dispersed into ethanol, fil-
ered, and washed again with ethanol. After drying at 40 ◦C under
acuum, 6-azido-6-deoxy-N-phthaloyl-chitosan (4) was obtained.
ield: 2.7 g. DSazide 0.95; Elemental analysis: Calcd.: C 53.17, H 3.82,
17.71%; Found: C 52.14, H 4.29, N 16.72%. 1H NMR (DMSO-d6):
(ppm) = 7.83 (phth), 5.20–2.97 (H-1–H-6). 13C NMR (DMSO-d6):
(ppm) = 169.52 (C Ophth), 136.24, 133.02, 124.77 (phth), 98.48

C-1), 79.96, 74.44, 69.98 (C-3–C-5), 59.07 (C-2), 52.02 (C-6). FTIR
KBr): � (cm−1) = 3466 (OH), 2943 (C–H), 2108 (N3), 1776, 1712
C Oimide), 723 (arom).

.4. Reaction of 6-azido-6-deoxy-N-phthaloyl-chitosan (4) with
erminal alkyne derivatives
The general procedure for azide–alkyne [3 + 2] dipolar cycload-
ition to prepare the polymer 5a and 5b is as follows:
-azido-6-deoxy-N-phthaloyl-chitosan (4) (0.2 g, 0.64 mmol) was
issolved in dimethyl sulfoxide (DMSO, 40 mL), and copper(II) sul-
ate pentahydrate (8.2 mg, 0.033 mmol, in 0.2 mL of distilled water),
ymers 85 (2011) 653–657

sodium ascorbate (6.3 mg, 0.032 mmol in 0.1 mL of distilled water),
triethylamine (1.1 mL, 7.9 mmol), and terminal alkyne derivative
(2-propyn-1-ol or ethynyl benzene, 1.9 mmol) were added, and
the mixture was stirred at 70 ◦C for 48 h. The mixture was precip-
itated in diethylether/2-propanol (1/1, v/v), collected by filtration,
washed with diethylether/2-propanol (1/1, v/v), and dried in vac-
uum. Compound 5a; Yield: 0.21 g. DSCH2OH 1.01; EA: Calcd.: C 54.84,
H 4.33, N 15.05%; Found: C 51.50, H 4.92, N 13.57%. 1H NMR (DMSO-
d6): ı (ppm) = 7.5–8.0 (phth and triazole), 5.29–3.71 (H-1–H-6),
4.35 (CH2OH). 13C NMR (DMSO-d6): ı (ppm) = 167.70 (C Ophth),
147.38, 123.67 (C Ctriazole), 134.16, 131.17, 122.94 (phth), 95.75
(C-1), 77.23, 72.13, 67.42 (C-3–C-5), 56.98 (C-2), 54.59 (CH2OH),
49.08 (C-6). FTIR (KBr): � (cm−1) = 3412 (OH), 2928 (C–H), 1777,
1713 (C Oimide), 723 (arom). Compound 5b; Yield: 0.23 g. DSPh
0.93; EA: Calcd.: C 63.15, H 4.34, N 13.39%; Found: C 59.55, H
4.68, N 12.45%. 1H NMR (DMSO-d6): ı (ppm) = 8.17 (triazole),
7.0–8.0 (phth, Ph), 5.33–3.62 (H-1–H-6). 13C NMR (DMSO-d6):
ı (ppm) = 167.84 (C Ophth), 146.28, 122.02 (C Ctriazole), 134.35,
131.32, 123.16 (phth), 130.61, 128.75, 127.60, 125.08 (Ph), 96.13
(C-1), 77.96, 73.03, 67.50 (C-3–C-5), 57.33 (C-2), 49.72 (C-6). FTIR
(KBr): � (cm−1) = 3452 (OH), 2943 (C–H), 1777, 1713 (C Oimide),
768, 696, 723 (arom).

2.5. Preparation of 6-hydroxymethyltriazole and
6-phenyltriazole-6-deoxy chitosan (6a and 6b)

Compound 5a or 5b (0.63 mmol) was dissolved in NMP (15 mL),
15 mL of 4 M aqueous hydrazine monohydrate was added, and
the mixture was stirred at 100 ◦C for 4 h under Ar. The mixture
was precipitated into EtOH, and the precipitate was collected by
centrifugation and washed by EtOH. The product was dried by
lyophilization. Compound 6a: Yield: 0.10 g. 1H NMR (D2O with
CD3COOD): ı (ppm) = 8.06 (triazole), 5.12–3.21 (H-1–H-6). FTIR
(KBr): � (cm−1) = 3441 (OH), 2931 (C–H). Compound 6b: Yield:
0.062 g. 1H NMR (D2O with CD3COOD): ı (ppm) = 8.15 (triazole),
7.54, 7.03 (Ph), 4.07–3.38 (H-1–H-6). FTIR (KBr): � (cm−1) = 3423
(OH), 2918 (C–H), 765, 694 (Ph).

3. Results and discussion

3.1. Synthesis of 6-azido-6-deoxy-N-phthaloyl-chitosan (4)

For application of the Huisgen reaction to chitosan, 6-azido-
6-deoxy-N-phthaloyl-chitosan (4) was prepared according to the
Scheme 1. For protection of the amino group of chitosan, it has been
reported that chemical modification of chitosan with phthaloyl
groups can lead to 2-N regioselective substitution (Kurita et al.,
2002). Using phthalic anhydride in N,N-dimethylformamide (DMF)
containing 5% (v/v) water, N-phthaloyl-chitosan (2) was formed.

Deoxyhalogenation was carried out according to the previously
described method (Satoh et al., 2006). N-phthaloyl-chitosan (2)
was brominated by reaction with N-bromosuccinimide and triph-
enylphosphine for 2 h at 80 ◦C in N-methyl-2-pyrrolidone (NMP).
Although regioselective N-phthaloyl chitosan was insoluble in NMP
due to the high crystallinity, the sample became soluble after
bromination. It is known that a bulky N-phthaloyl group at the C-
2 position of chitosan contributes to selective bromination at the
C-6 primary hydroxyl group due to steric hindrance. In contrast, in
the case of cellulose, the reaction proceeded at the C-3 position in
addition to the C-6 position (Furuhata, Chang, Aoki, & Sakamoto,

1992).

Azidation of the 6-bromo-6-deoxy-N-phthaloyl chitosan (3) can
be achieved by a nucleophilic displacement reaction with sodium
azide (Satoh et al., 2006). In the FTIR spectrum of compound 4,
the azide moiety is evident from the presence of the significant
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cheme 1. Synthetic scheme for the preparation of chitosan derivatives 6a and 6b.
PP, NMP, 80 ◦C, 2 h; (iii) NaN3, NMP, 80 ◦C, 4 h; (iv) 2-propyn-1-ol (a), or ethynyl ben
00 ◦C, 4 h.

bsorption at around 2108 cm−1 (Fig. 1-a). The DS values of the
zide group were estimated to be 0.95 from the C and N contents,
s measured by elemental analysis, suggesting that an N3 group
as fully introduced at the C-6 position. The 13C NMR spectrum

f the 6-azido-6-deoxy chitosan derivative (4) is shown in Fig. 2.
ll of the peaks associated with the respective carbon atoms of

he compound 4 were well-resolved as sharp signals. Although it
as been reported that the C-6 carbon of bromodeoxy derivative 3
ppeared at 33.5 ppm (Satoh et al., 2006), the peak was completely
hifted downfield to 52.0 ppm as a single signal, supporting regios-
lective and complete C-6 substitution of the azide moiety. Other

yranose ring carbons (C-1–C-5) were also clearly observed as five
harp peaks. Furthermore, aromatic carbons are observed not as
ix but as three peaks, and a carbonyl carbon is observed as a single
eak, indicating a symmetric structure of the N-phthalimide moiety
t the C-2 position.

Wavenumbers (cm-1)

4001200200028003600
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e
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ig. 1. FT-IR spectra of the 1,3-dipolar cycloaddition of 4 with 2-propyn-1-ol. (a)
riginal 4, (b) 70 ◦C, (c) r.t. with TEA, (d) 70 ◦C with TEA.
nts and conditions: (i) phthalic anhydride, DMF/water (95:5), 120 ◦C, 8 h; (ii) NBS,
(b), CuSO4·5H2O, sodium ascorbate, TEA, DMSO, 70 ◦C, 48 h; (v) H2NNH2·H2O, NMP,

3.2. Copper-catalyzed Huisgen cycloaddition

As a first trial for the successful preparation of highly regios-
elective chitosan derivatives via click chemistry, we selected
hydrophilic 2-propyn-1-ol and hydrophobic ethynylbenzene as
terminal alkynes for reasons of availability and simple chemical
structure. We first tried the Huisgen cycloaddition reaction using
6-azido-6-deoxy-chitosan, prepared by removal of the N-phthaloyl
protecting group of compound 4. However, the amino group at
the C-2 position of 6-azido-6-deoxy-chitosan was strongly com-
plexed with copper catalyst, resulting in precipitate formation.
Thus, N-phthaloylated 6-azido-6-deoxy-chitosan (4) was used for
the reaction. The coupling reactions between 6-azido-6-deoxy-N-
phthaloyl-chitosan (4) and alkyne-terminated functional moduli
were carried out in the presence of Cu(II) sulfate pentahydrate and
sodium ascorbate at 70 ◦C (Liebert, Hänsch, & Heinze, 2006). How-
ever, the FTIR spectrum showed that the coupling reaction was
incomplete; a considerable azide peak at 2108 cm−1 remained even
after the 24-h coupling reaction (Fig. 1-b). The remaining peak is
probably due to the steric hindrance of the bulky phthaloyl group at
the C-2 position of 4 with a triazole ring. It has been reported that
amines accelerate the triazole formation (Hasegawa et al., 2006).
Here, triethylamine (TEA) was added as base for the coupling reac-

tions. Fig. 1 shows the FTIR spectra of the coupling reaction between
4 and 2-propyn-1-ol in the presence of TEA. Although a residual
azide peak at 2108 cm−1 was still observed in the spectrum of the
room-temperature reaction (Fig. 1-c), the peak completely disap-

Fig. 2. 13C NMR spectrum of chitosan derivative 4.
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Fig. 3. 13C NMR spectrum of chitosan derivative 5a.

eared after the 70 ◦C reaction (Fig. 1-d). Moreover, the degree of
ubstitution of the hydroxymethyl groups estimated by elemental
nalysis data was 1.01, suggesting a quantitative conversion of the
3 group. The 13C NMR spectrum of the hydroxymethyl triazole
hitosan derivative 5a acquired in DMSO-d6 is shown in Fig. 3. The
pectrum clearly shows that the C-6 position was regioselectively
nd quantitatively derivatized with 1,4-triazole linker. That is, all of
he peaks associated with the respective carbon atoms of 5a were
ell-resolved as sharp signals without residual signal. The C atom of

he 1,4-triazole linker is clearly observed at ı = 123.7 and 147.4 ppm
s two new peaks, and the peak at 54.6 ppm can be assigned to the
ethylene moiety of the hydroxymethyl group. Moreover, all of the

nhydroglucosamine ring carbons are assigned as follows: ı = 49.1
C-6), 57.0 (C-2), 67.4, 72.1, 77.2 (C-3, 4, and 5), and 95.7 ppm (C-1).

The coupling reaction between compound 4 and ethynyl ben-
ene was also successfully carried out with TEA at 70 ◦C. The
ack of an azide signal at 2108 cm−1 is shown in the FTIR spec-
ra (Figs. 4-5b), and DS of the phenyltriazole moiety determined
rom elemental analysis was 0.93, suggesting successful conver-

ion to 6-phenyltriazole chitosan derivative (5b). The 13C NMR
pectrum in DMSO-d6 also clearly showed quantitative and regios-
lective conversion of the azide group at the C-6 position without
ints of structural impurities, demonstrated as follows: (1) six

Wavenumbers (cm-1)

40012002000

A
bs
or
ba
nc
e

4

5a

5b

6a

6b

80016002400

C6-N3

ig. 4. FT-IR spectra of 6-azido-6-deoxy-N-phthaloyl chitosan (4) and the triazole
erivatives (5a and 5b), and the dephthaloylated derivatives (6a and 6b) (arrows:
hthaloyl group).
Fig. 5. 13C NMR spectrum of chitosan derivative 5b.

well-resolved sharp peaks derived from anhydroglucosamine ring
carbons with no residual signal; (2) two new peaks derived from
the triazole moiety; (3) four new signals assigned to the introduced
phenyl moiety (Fig. 5).

After the Huisgen cycloaddition reaction, the products 5a and
5b were treated with aqueous hydrazine monohydrate to remove
the phthaloyl protecting group (Satoh et al., 2006). Deprotection of
5a and 5b was successfully achieved after 4 h at 100 ◦C. Four char-
acteristic absorption bands of the phthalimide group at 723, 1389,
1713, and 1776 cm−1 were completely absent from the FTIR spec-
tra shown in Fig. 4-6a and 6b. Since the products 6a and 6b had
low solubility in several solvents even in acidic water and apro-
tic polar solvents after lyophilization, the 13C NMR spectra could
not be obtained. However, the characteristic peaks of the phthaloyl
group at around 7.8 ppm were completely absent from the 1H NMR
spectra (data shown in supplementary contents), supporting the
desired structure of 6a and 6b.

4. Conclusions

Highly regioselective 6-substituted chitosan derivatives were
prepared via click chemistry for the first time. The Huisgen
cycloaddition between 6-azido-6-deoxy chitosan derivative and
alkyne-terminated molecules was successfully carried out in the
presence of Cu(I) catalyst and triethylamine. FTIR, elemental analy-
sis, 1H NMR, and 13C NMR spectra strongly supported the structural
uniformity of the chitosan derivatives with no impurities. Since
desired functional modules with triazole linker can be regioselec-
tively and quantitatively introduced into chitosan by a one-step
reaction, application of click chemistry to chitosan could be use-
ful for designing novel chitosan materials with controlled and
well-defined structures and promising properties. Further studies
concerning correlation between chemical structures of the chitosan
derivatives and properties are now in progress and will be reported
elsewhere.
Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.carbpol.2011.03.030.

http://dx.doi.org/10.1016/j.carbpol.2011.03.030
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