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a  b  s  t  r  a  c  t

A  highly  chemoselective  strategy  for the synthesis  of  N,N,N-trimethyl  chitosan  (TMC)  homopolymer
and  highly  substituted  N-alkyl-N,N-dimethyl  chitosan  derivatives  was  achieved  using  di-tert-
butyldimethylsilyl-3,6-O-chitosan  (di-TBDMS  chitosan)  as  a precursor.  The  influence  of  different  solvents,
reagents  and other  reaction  conditions  on the reduction,  trimethylation  and  quaternization  of these  di-
TBDMS  chitosan  derivatives  was  studied.  Products  were  characterized  by  NMR  after  each  step.  Di-TBDMS
chitosan  was  reacted  with  methyl  iodide  in  NMP,  giving  a 100%  substituted  TMC  with  the trimethyl  group
appearing  at  3.35  ppm  in 1H  NMR  spectrum.  N-Propyl-,  N-butyl-  and  N-hexyl-N,N-dimethyl  chitosan
ert-Butyldimethylsilyl
eprotection
tepwise reductive alkylation
uaternary chitosan
rimethyl chitosan

derivatives  were  synthesized  by stepwise  reductive  alkylation  of  di-TBDMS  chitosan,  followed  by  quat-
ernization  with  dimethyl  sulfate  in  dichloromethane,  giving  65–72%  substituted  N-alkyl-N,N-dimethyl
chitosan  derivatives  under  optimized  conditions.  Analysis  of  these  water-soluble  chitosan  derivatives  by
FT-IR, 1H NMR, 13C NMR, 1H–1H  COSY  and 1H–13C HSQC  NMR  enabled  detailed  structural  characteriza-
tion. All peaks  could  be  assigned  to  N-modification,  showing  the  selectivity  of the  di-TBDMS  protection.
. Introduction

Chitosan is a natural �-(1 → 4) linked glucosamine polymer,
sually derived from chitin by deacetylation. Chitosan has many

nteresting properties which are useful in biological applications,
ncluding antimicrobial activity (Kong, Chen, Xing, & Park, 2010),
nd it has been studied as gene delivery agent (de la Fuente,
saba, Garcia-Fuentes, & Alonso, 2008) and permeation enhancer
or macromolecular drugs (Mourya & Inamdar, 2009). Furthermore,
t is biodegradable and considered to be safe in non-parental dosage
ormulations (Baldrick, 2010). However, one of the main disad-
antages of chitosan for many potential applications is its poor
queous solubility at physiological pH. Therefore, synthetic strate-
ies have been developed to modify the polymer backbone, in order

o enhance aqueous solubility and biological activity (Alves & Mano,
008). This can be achieved for example by trimethylating the free
mino group (Runarsson, Holappa, Jonsdottir, Steinsson, & Masson,

∗ Corresponding author. Tel.: +354 525 4463; fax: +354 525 4071.
E-mail address: mmasson@hi.is (M.  Másson).

144-8617/$ – see front matter ©  2011 Elsevier Ltd. All rights reserved.
oi:10.1016/j.carbpol.2011.06.007
© 2011 Elsevier Ltd. All rights reserved.

2008), producing a derivative with permanent positive charge that
is highly soluble independent of pH.

N,N,N-Trimethyl chitosan (TMC) is usually synthesized by dis-
persing chitosan in NMP  with methyl iodide (CH3I) in the presence
of NaOH, either directly (Domard, Rinaudo, & Terrassin, 1986;
Sieval et al., 1998) or by first forming N,N-dimethyl chitosan by
reductive alkylation, followed by additional methylation using CH3I
(Muzzarelli & Tanfani, 1985). These reactions are not selective
and produce a heterogenous mixture of N-monomethyl-, N,N-
dimethyl-, N,N,N-trimethyl- and O-methyl chitosan (Domard et al.,
1986; Ledung, Milas, Rinaudo, & Desbrieres, 1994; Muzzarelli &
Tanfani, 1985; Sieval et al., 1998). Although modifications of this
reaction have given higher degrees of trimethylation without O-
methylation (Runarsson, Holappa, et al., 2008; Verheul et al., 2008),
the resulting material is only partially trimethylated. Therefore,
there is still a need for a selective approach to produce fully
homogenous TMC  materials.
Protecting groups have been used in chitosan chemistry to
enable selective N-modifications and increase their solubility in
organic solvents (Kurita, 2006). Although the most common strat-
egy is to use a triphenylmethyl (trityl) group for O-protection

dx.doi.org/10.1016/j.carbpol.2011.06.007
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:mmasson@hi.is
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Holappa et al., 2004; Nishimura, Kohgo, Kurita, & Kuzuhara, 1991;
unarsson et al., 2007), the trityl group can only be introduced
t the O-6 position, leaving the O-3 group unprotected. Further-
ore, three synthesis steps are needed and the protection step
ust be performed at a temperature of approximately 100 ◦C. An

lternative protection strategy is to use silyl groups to protect the
lcohols. Silyl ethers are widely used as selective protective agents
or hydroxyl moieties (Wuts & Greene, 2007) and protection of
ydroxyl groups in chitosan with trimethylsilyl (TMS) groups has
een investigated (Kurita, Hirakawa, Kikuchi, Yamanaka, & Yang,
004). Although TMS  protection provides somewhat improved sol-
bility in organic solvents, the approach is not chemoselective and
arious degrees of substitution for the O-3, O-6 and amino group
ave been reported (Kurita et al., 2004). In addition, under acidic
onditions, the TMS  group is one of the most labile silyl groups
Wuts & Greene, 2007), which is a disadvantage when reaction
onditions are slightly acidic.

The tert-butyldimethylsilyl (TBDMS) protection group is stable
nder a variety of reaction conditions, but can be easily removed
nder strongly basic or moderate acidic conditions without affect-

ng other functional groups (Wuts & Greene, 2007). Recently we
eveloped a synthetic strategy using TBDMS to protect hydroxyl
roups in chitosan, in which the TBDMS group is introduced to
he mesylate salt of chitosan in a single step, at room tempera-
ure. This synthetic method results in apparently 100% O-protected
hitosan material, with both the O-3 and O-6 groups protected
di-TBDMS chitosan) (Runarsson, Malainer, Holappa, Sigurdsson, &

asson, 2008; Song, Gaware, Runarsson, Masson, & Mano, 2010).
urthermore, the resulting protected polymer has good solubil-
ty in a wide variety of organic solvents, such as DCM, NMP  and
tOH (Runarsson, Malainer, et al., 2008), allowing for modification
f the amino group on the chitosan backbone under conditions
ommonly used in organic chemistry. Previously, N-acylation of
BDMS-chitosan has been reported (Rúnarsson et al., 2010), show-
ng that this material can also be used as precursor for complete
nd highly selective N-acylation.

Here, we report a detailed investigation of different N-
lkylations of di-TBDMS chitosan. The aim of this study was  to
se di-TBDMS chitosan to obtain fully substituted N,N,N-trimethyl
hitosan and highly substituted N-alkyl-N,N-dimethyl chitosan,
voiding O-methylation. Reactions were carried out in a stepwise
anner, with intermediate products characterized by FT-IR, 1H-

nd COSY NMR. The final products, N,N,N-trimethyl chitosan and
-alkyl-N,N-dimethyl chitosan derivatives, were characterized in
etail by FT-IR, 1H and 13C NMR  and 1H–1H COSY- and 1H–13C HSQC
MR.

. Experimental

.1. Materials

Chitosan polymer HCl (G020102-1) was used with an aver-
ge MW of 8.1 kDa, as determined by end-reducing assay (Miller,
959), and 8.5 kDa, as determined by viscometric methods (Ottoy,
arum, & Smidsrod, 1996). The degree of acetylation was 0.03,
etermined by 1H NMR. Chitosan was obtained by donation
rom Genis EHF, Iceland. All other chemicals (obtained from
igma–Aldrich®) were reagent grade or higher and used as
eceived, with the exception of DMSO, DCM and NMP, which were
tored over molecular sieves overnight before use. Dialysis mem-

ranes (RC, Spectra/Por, MW cutoff 3500 Da) and Float-A-Lyzers
Spectra/Por, MW cutoff 3.5–5 kDa, 5 ml  sample volume) were pur-
hased from Spectrum® Laboratories Inc. (Rancho Dominguez,
SA).
e Polymers 86 (2011) 1451– 1460

2.2. Characterization and calculations

2.2.1. Equivalents
Equivalent quantities of reagents were calculated on the bases

of one glucosamine unit.

2.2.2. NMR analysis
1H NMR, 13C NMR, 1H–1H COSY and 1H–13C HSQC spectra were

recorded with either a Bruker Avance 400 instrument operating at
400.13 and 100.61 MHz  at 300 K, or a Bruker Avance 300 operating
at 300.13 MHz  and 75.47 MHz  at 300 K. CDCl3, d6-DMSO and D2O
were used as NMR  solvents. Acetone was  used as reference in D2O
NMR  spectra for final compounds: proton (ı 2.22 ppm) and carbon
(ı 30.9 ppm). Spectra were measured without water suppression.
Sample concentrations ranged from 10 to 25 mg/ml.

2.2.3. Calculations of substitution degrees
Integral values from 1H NMR  were used to determine the

degree of substitution (DS) for N-substituted chitosan derivatives
(Appendix A).

2.2.4. FT-IR analysis
Samples were mixed thoroughly with KBr and then pressed into

pellets using a Specac compressor (Specac Inc., Smyrna, USA). FT-IR
measurements were performed with an AVATAR 370 FT-IR instru-
ment (Thermo Nicolet Corporation, Madison, USA) with 32 scans
and resolution of 4 cm−1.

2.3. Synthesis

2.3.1. Chitosan mesylate (1)
Synthesized according to a published procedure (Runarsson,

Malainer, et al., 2008; Song et al., 2010). FT-IR (KBr): � 3376 (O–H),
2880 (C–H), 1677 (C O amide I), 1586 (C O amide II), 1384 (C–H),
1156–1074 (C–O) cm−1. 1H NMR  (400 MHz, D2O):  ı 2.10 (CH3, Glc-
NAc), 2.84 (CH3S), 3.21 (H-2), 3.7–4.1 (H-3, H-4, H-5, H-6), 4.9 ppm
(H-1, partially overlapped with the water peak).

2.3.2. 3,6-O-di-TBDMS-chitosan (di-TBDMS chitosan, 2)
Synthesized according to a published procedure (Runarsson,

Malainer, et al., 2008; Song et al., 2010). FT-IR (KBr): � 3469
(N–H), 2957–2859 (C–H), 1705 (C O amide I), 1573 (C O amide
II), 1474 (C–H), 1390–1362 (C–H), 1109–1050 (C–O), 836–776
(Si–CH3) cm−1. 1H NMR  (400 MHz, CDCl3): ı 0.05 ((CH3)2Si), 0.89
((CH3)3C), 2.71 (H-2), 3.33 (H-5), 3.50 (H-3), 3.68 (H-4), 3.84–3.89
(H-6), 4.30 (H-1), 8.12–8.20 ppm (NH2).

2.3.3. N,N,N-Trimethyl-di-TBDMS chitosan (3)
Di-TBDMS chitosan (2) (1.42 g, 3.6 mmol di-TBDMS-

glucosamine units) was  dissolved in dry NMP (20 ml). Cesium
carbonate (Cs2CO3, 4.63 g, 14.2 mmol, 4 equiv.) was  added and
the solution stirred for 3 h, followed by addition of CH3I (1.11 ml,
17.8 mmol, 5 equiv.). The reaction was carried out in a closed
reaction vial at 50 ◦C. Note: extreme caution must be taken when
handling CH3I; a special chemical vapor-proof mask should be
used when appropriate. After 24 and 48 h, additional CH3I (1.11 ml,
17.8 mmol, 5 equiv.) was  added to the brown reaction solution, and
the reaction was carried out for a total of 96 h. The solution was
then dialyzed against deionized water for 4 days and freeze-dried
overnight, giving a dark red product. 1H NMR  (300 MHz, CDCl3):
ı 0.01–0.31((CH3)2Si), 0.86–0.90 ((CH3)3C), 3.64 ppm (N+–(CH3)3
partially overlapped by H-1 to H-6). Yield: 1.856 g (93%).
2.3.4. N,N,N-Trimethyl chitosan (4)
The trimethylated protected product (3) (1.856 g, 3.30 mmol

N,N,N-trimethyl-di-TBDMS-glucosamine units) was deprotected
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y treatment with 1 M tetrabutylammonium fluoride (TBAF) solu-
ion in NMP  (10 ml)  at 50 ◦C for 72 h. The resulting solution was
ialyzed for 4 days against deionized water, then ion-exchanged
gainst 5% aq. NaCl (w/v) overnight followed by dialysis against
eionized water for 2 days. The resulting compound was then
reeze-dried, giving deprotected, trimethylated chitosan. In cases
here NMR  analysis showed that the trimethylated chitosan was
ot fully deprotected, the deprotection process was  repeated. The
aterial was then dissolved in 5% aq. NaCl (10 ml)  and shaken

vernight. The solution was centrifuged and the liquid decanted
rom grey precipitates, dialyzed for 3 days against deionized water
nd freeze-dried overnight, resulting in white and fluffy trimethy-
ated chitosan. FT-IR (KBr): � 3422 (O–H), 2923 (C–H), 1653 (C O
mide I), 1488 (C–H), 1051 (C–O) cm−1. 1H NMR (300 MHz, D2O): ı
.08 (CH3, GlcNAc), 3.35 (N+–(CH3)3, H-14), 3.75 (H-2), 3.90 (H-
), 3.99 (H-5), 4.36 (H-4), 4.47 (H-3), 5.49 ppm (H-1). 13C NMR
300 MHz, D2O): ı 54.6 (C-14), 61.6 (C-6), 68.7 (C-3), 76.2 (C-5),
7.9 (C-4), 79.4 (C-2), 97.2 ppm (C-1). Yield: 238 mg  (29%).

.3.5. General procedure for N-alkylimine-di-TBDMS chitosan (5)
Compound 2 (1.50 g, 3.80 mmol  di-TBDMS-glucosamine units)

as dissolved in DCM (15 ml). Triethylamine (0.575 ml,  4.1 mmol,
.1 equiv.) was added and the solution stirred for 15 min. Then,

 equivalents of the corresponding aldehyde (propyl, butyl or
exyl) was added to the solution, along with molecular sieves, and
tirred overnight at 45 ◦C in a closed reaction vial. After 24 h of
eaction, another 5 equivalents of aldehyde were added and the
eaction carried out for a total of 96 h at 45 ◦C. The solvent was
hen partially evaporated under reduced pressure and the result-
ng material precipitated in ACN (150 ml). The white solid was
ltered off and washed with ACN (3 × 30 ml), allowed to air-dry
nd then further dried in a vacuum oven at 40 ◦C overnight, giv-
ng an off-white compound. N-Propylimine-di-TBDMS chitosan
5a): FT-IR (KBr): � 3462 (N–H), 2957–2858 (C–H), 1707 (C O,
mide I), 1675 (N C), 1473 (C–H), 1390–1362 (C–H), 1257 (C–N),
116–1052 (C–O), 836–777 (Si–CH3) cm−1. 1H NMR  (300 MHz,
DCl3): ı 0.05 ((CH3)2Si), 0.86 ((CH3)3C), 1.06 (H-9), 2.23 (H-8), 2.82
H-2), 3.13–4.21 (H-3, H-4, H-5, H-6), 4.50 (H-1), 7.50 ppm (H-7).
ield: 1.276 g (76%) starting from 1.200 g of (2). N-Butylimine-di-
BDMS chitosan (5b): FT-IR (KBr): � 3467 (N–H), 2958–2858 (C–H),
705 (C O, amide I), 1673 (N C), 1473 (C–H), 1389–1362 (C–H),
256 (C–N). 1113–1056 (C–O), 837–777 (Si–CH3) cm−1. 1H NMR
400 MHz, CDCl3): ı 0.05 ((CH3)2Si), 0.86 ((CH3)3C and H-10) 1.53
H-9), 2.19 (H-8), 2.81 (H-2), 3.08–4.21 (H-3, H-4, H-5, H-6), 4.52
H-1), 7.48 ppm (H-7). Yield: 1.433 g (84%) starting from 1.500 g of
2). N-Hexylimine-di-TBDMS chitosan (5c): FT-IR (KBr): � 3480
N–H), 2958–2858 (C–H), 1704 (C O, amide I), 1674 (N C), 1473
C–H), 1389–1362 (C–H), 1257 (C–N), 1117–1061 (C–O), 837–777
Si–CH3) cm−1. 1H NMR  (300 MHz, CDCl3): ı 0.05 ((CH3)2Si), 0.86
(CH3)3C and H-12), 1.32 (H-10, H-11), 1.51 (H-9), 2.19 (H-8), 2.79
H-2), 3.12–3.90 (H-3, H-4, H-5, H-6), 4.45 (H-1), 7.44 ppm (H-7).
ield: 1.169 g (98%) starting from 1.000 g of (2).

.3.6. General procedure for N-alkyl-di-TBDMS chitosan (6)
The corresponding imine (2.13 mmol  N-alkylimine-di-TBDMS-

lucosamine units, compounds 5a–5c)  was dissolved in DCM
20 ml). Sodium triacetoxyborohydrate (STAB-H, 1.81 g, 8.5 mmol,

 equiv.) was added to the solution, followed by addition of
cOH (488 �l, 8.5 mmol, 4 equiv.). The solution was then stirred

or 24 h at room temperature. Finally, the compound was pre-
ipitated in ACN (200 ml). The white solid was filtered off and
ashed with water (2 × 10 ml)  and ACN (3 × 30 ml), air-dried and
hen further dried in a vacuum oven at 40 ◦C overnight, yielding
n off-white compound. N-Propyl-di-TBDMS chitosan (6a): FT-IR
KBr): � 3468 (N–H), 2958–2858 (C–H), 1708 (C O amide I), 1473
C–H), 1389–1362 (C–H), 1256 (C–N), 1110–1047 (C–O), 837–777
e Polymers 86 (2011) 1451– 1460 1453

(Si–CH3) cm−1. 1H NMR  (300 MHz, CDCl3): ı 0.07 ((CH3)2Si), 0.9
((CH3)3C overlapped with H-9), 1.42 (H-8), 2.39 (H-2), 2.58 and 2.72
(H-7), 3.32–3.97 (H-3, H-4, H-5, H-6), 4.21 ppm (H-1). Yield: 827 mg
(88%) starting from 935 mg  of 5a.  N-Butyl-di-TBDMS chitosan
(6b): FT-IR (KBr): � 3467 (N–H), 2958–2858 (C–H), 1706 (C O,
amide I), 1473 (C–H), 1389–1362 (C–H), 1257 (C–N), 1113–1056
(C–O), 837–777 (Si–CH3) cm−1. 1H NMR  (400 MHz, CDCl3): ı 0.07
((CH3)2Si), 0.90 ((CH3)3C overlapped with H-10), 1.33 (H-8, H-9),
2.38 (H-2), 2.59 and 2.77 (H-7), 3.25–3.99 (H-3, H-4, H-5, H-
6), 4.21 ppm (H-1). Yield: 1.388 g (98%) starting from 1.405 g of
5b. N-Hexyl-di-TBDMS chitosan (6c): FT-IR (KBr): � 3466 (N–H),
2958–2858 (C–H), 1709 (C O, amide I), 1473 (C–H), 1390–1362
(C–H), 1257 (C–N), 1115–1053 (C–O), 837–777 (Si–CH3) cm−1. 1H
NMR (300 MHz, CDCl3): ı 0.07 ((CH3)2Si), 0.90 ((CH3)3C overlapped
with H-12), 1.27 (H-8, H-9, H-10, H-11), 2.38 (H-2), 2.58 and 2.76
(H-7), 3.40–3.98 (H-3, H-4, H-5, H-6), 4.21 ppm (H-1). Yield: 837 mg
(97%) starting from 856 mg  of 5c.

2.3.7. General procedure for N-alkyl-N,N-dimethyl chitosan (7)
The corresponding N-alkyl-di-TBDMS chitosan (1.6 mmol  N-

alkyl-di-TBDMS-glucosamine units; compounds 6a–6c)  was dis-
solved in dry DCM (15 ml). Then, Li2CO3 (0.47 g, 6.4 mmol, 4 equiv.)
was added to the solution and the mixture stirred for 1 h, fol-
lowed by addition of dimethyl sulfate (DMS, 1.21 ml,  12.8 mmol,
8 equiv.). Note: Extreme caution must be taken when handling
DMS; a special chemical vapor-proof mask should be used when
appropriate. The reaction was carried out at 45 ◦C in a closed
reaction vial under vigorous stirring. After 24 h reaction time, the
addition of DMS  (1.21 ml,  12.8 mmol, 8 equiv) was  repeated. The
reaction was  stopped after 96 h by dialyzing the mixture against
saturated NaHCO3 solution for 1 day and then against deionized
water for 4 days, followed by freeze-drying overnight. The quater-
nized protected material was then dissolved in 1 M TBAF solution
in NMP  (10 ml)  and stirred at 50 ◦C for 48 h. The yellow solution
was then dialyzed against deionized water for 1 day, ion exchanged
against 5% aq. NaCl (w/v) solution for 1 day and then against
deionized water for 2 days. The resulting material was freeze-
dried overnight, yielding a deprotected quaternized material. In
cases where NMR  analysis indicated that the material was  not fully
deprotected, the deprotection process was  repeated. Finally, the
material was  dissolved in 5% aq. NaCl (10 ml)  and shaken overnight.
The solution was centrifuged and the liquid decanted from grey pre-
cipitates and dialyzed for 3 days against deionized water, followed
by freeze-drying overnight, giving a white and fluffy quaternized
material. N-Propyl-N,N-dimethyl chitosan (7a): FT-IR (KBr): �
3416 (O–H), 2970–2880 (C–H), 1635 (C O, amide I), 1480 (C–H),
1051 (C–O) cm−1. 1H NMR  (300 MHz, D2O): ı 0.88 (H-9′′), 0.99 (H-
9), 1.50 (H-8′′), 1.89 (H-8), 3.27 (H-13), 3.35 (H-14), 3.46 and 3.57
(H-7), 3.79 (H-2), 3.90–3.95 (H-5, H-6), 4.37 (H-4), 4.49 (H-3), 4.89
(H-1′′), 5.45 (H-1′), 5.53 ppm (H-1). 13C NMR  (300 MHz, D2O): ı 10.5
(C-9), 16.5 (C-8), 51.1 and 51.5 (C-13), 54.6 (C-14), 61.8 (C-6), 67.5
(C-7), 68.5 (C-3), 76.3 (C-5), 78.0 (C-2 and C-4), 96.0 (C-1′), 97.2 ppm
(C-1). Yield: 211 mg  (46%) starting from 800 mg of 6a.  N-Butyl-N,N-
dimethyl chitosan (7b): FT-IR (KBr): � 3405 (O–H), 2961–2876
(C–H), 1647 (C O, amide I), 1474 (C–H), 1386 (C–H), 1257 (C–N),
1057 (C–O) cm−1. 1H NMR  (400 MHz, D2O): ı 0.97 (H-10, H-10′′),
1.41 (H-9, H-9′′, H-8′′), 1.85 (H-8), 3.17 (H-15), 3.27 (H-13), 3.34
(H-14), 3.49 and 3.61 (H-7), 3.78 (H-2), 3.87 (H-6), 3.94 (H-5), 4.35
(H-4), 4.49 (H-3), 5.11 (H-1′′), 5.46 (H-1′), 5.53 ppm (H-1). 13C NMR
(400 MHz, D2O): ı 10.5 (C-10′′), 13.6 (C-10, C-9′′), 19.8 (C-9), 24.7 (C-
8, C-8′′), 47.3 (C-15), 51.2 and 51.6 (C-13), 54.6 (C-14), 61,8 (C-6),

66.2 (C-7), 68.5 (C-3), 76.3 (C-5), 77.7 (C-2), 77.9 (C-4), 96.0 (C-
1′), 97.2 ppm (C-1). Yield: 92 mg  (11%) starting from 1.381 g of 6b.
N-hexyl-N,N-dimethyl chitosan (7c): FT-IR (KBr): � 3418 (O–H),
2956–2860 (C–H), 1645 (C O, amide I), 1470 (C–H), 1380 (C–H),



1 ydrate Polymers 86 (2011) 1451– 1460

1
1
3
(
(
(
(
7

2

2
3
(
6
1

2

p
D
(
4
(
(
5
(

3

s
n
e
p
2

3

t
a
(
A
s
b
i
(
p
h
i
(
i
D
t
A
i
w
L
T
1

3
d

Fig. 1. (A) 1H NMR  analysis of the deprotection process of N,N,N-trimethyl-di-
TBDMS chitosan. (a) N,N,N-Trimethyl-di-TBDMS chitosan (3). (b) TMC  after 24 h
deprotection with 1% HCl in EtOH. (c) TMC  after 48 h deprotection at 50 ◦C with
TBAF. (d) TMC  after 24 h subsequent second deprotection at 50 ◦C with TBAF (4). (B)
Comparison of N,N,N-trimethyl chitosan (TMC) synthesized by two different meth-
454 B.E. Benediktsdóttir et al. / Carboh

225 (C–N), 1056 (C–O) cm−1. 1H NMR  (300 MHz, D2O): ı 0.90 (H-
2), 1.36 (H-9, H-10, H-11), 1.86 (H-8), 3.27 (H-13), 3.34 (H-14),
.46 and 3.62 (H-7), 3.76 (H-2), 3.89–3.92 (H-6), 3.97 (H-5), 4.32
H-4), 4.50 (H-3), 5.51 ppm (H-1). 13C NMR  (300 MHz, D2O): ı 13.5
C-12), 21.8 (C-8), 22.0 (C-11), 25.3 (C-9), 30.5 (C-10), 50.8 and 51.1
C-13), 54.0 (C-14), 61.3 (C-6), 65.8 (C-7), 67.9 (C-3), 76.0 (C-5), 77.0
C-2), 77.4 (C-4), 96.7 ppm (C-1). Yield: 238 mg  (49%) starting from
66 mg  of 6c.

.3.8. N,N-Dimethyl chitosan (8)
Prepared according to a published procedure (Verheul et al.,

008). 1H NMR  (300 MHz, D2O/d-acetic acid): ı 2.06 (CH3, GlcNAc),
.06 (N–(CH3)2), 3.39 (H-2), 3.75–3.97 (H-5, H-6), 4.10 (H-4), 4.23
H-3), 5.10 ppm (H-1). 13C NMR  (300 MHz, D2O): ı 42.0 (N–(CH3)2),
0.5 (C-6), 67.5 (C-3), 68.3 (C-2), 74.6 (C-5), 75.8 (C-4), 95.2 (C-
) ppm. Yield: 198 mg  (82%).

.3.9. N,N,N-Trimethyl chitosan (9)
Partially trimethylated chitosan was prepared according to a

ublished procedure (Verheul et al., 2008). 1H NMR  (300 MHz,
2O): ı 2.10 (CH3, GlcNAc), 2.78 (N–(CH3)2), 3.35 (N+–(CH3)3), 3.75

H-2), 3.82–3.97 (H-5, H-6), 4.16–4.25 (H-3, H-4, dimethyl), 4.37 (H-
, trimethyl), 4.47 (H-3, trimethyl), 5.42 (H-1, dimethyl), 5.49 ppm
H-1, trimethyl). 13C NMR  (300 MHz, D2O): ı 42.3 (N–(CH3)2), 54.6
N–(CH3)3), 61.7 (C-6), 68.7 (C-3), 75.1 (C-2, dimethyl), 76.2 (C-
), 77.8 (C-4), 79.3 (C-2, trimethyl), 96.2 (C-1, dimethyl), 97.2 ppm
C-1, trimethyl). Yield: 98.5 mg  (63%).

. Results and discussion

Di-TBDMS chitosan (2) was used as the starting material for
elective modification of the amino group (Scheme 1). Di-TBDMS
ot only protects chitosan’s hydroxyl groups, but also dramatically
nhances the solubility of chitosan in common organic solvents,
roviding homogenous conditions (Runarsson, Malainer, et al.,
008).

.1. N,N,N-Trimethylation of di-TBDMS chitosan (3)

Different reaction conditions were explored for the trimethyla-
ion process (Table 1). Performing the reaction with CH3I in DCM,
n aprotic solvent of medium polarity, with diazabicycloundecene
DBU) or Cs2CO3 did not lead to any detectable trimethylation.
lthough normally, trialkylation of primary amines would be pos-
ible under these conditions, nucleophilic substitution reaction
etween the two uncharged reactants generally proceeds faster

n solvents with high dipole moments and dielectric constants
Reichardt, 2004). Similar observations for the quaternization of
oly(urethaneimide) with methyl halides revealed that methyl
alides do not react or react slowly with poly(urethaneimide)

n chloroform but proceed to completion with NMP  as solvent
Jonquieres, Awkal, Clement, & Lochon, 2006). This was confirmed
n the current procedure, since performing the reaction with CH3I in
MF lead to 90% trimethylation. Full N,N,N-trimethylation of chi-

osan could finally be achieved when NMP  was used as solvent.
lthough it can be difficult to remove solvents with high boil-

ng points, such as NMP, from polymeric products, these solvents
ere compatible with the dialysis membranes used (Spectrum®

aboratories, 2011) and could therefore be removed by dialysis.

rimethylation of di-TBDMS chitosan lead to peak broadening in
H NMR  spectra and although a large peak could be detected at
.64 ppm (Fig. 1A.a), the degree of trimethylation could only be
etermined after deprotection.
ods. (a) TMC  (4) synthesized from the current method. (b) TMC  (9) synthesized from
the method of Verheul et al. (2008).

3.2. Deprotection of N,N,N-Trimethyl-di-TBDMS-chitosan (3)

Previously, the TBDMS group was  cleaved from the chitosan
backbone using 1% HCl in EtOH (Runarsson, Malainer, et al., 2008).
Since depolymerization can occur from acid hydrolysis of the O-
glycosidic bond (Vårum, Ottøy, & Smidsrød, 2001), it is desirable
to avoid prolonged treatment in acid. Furthermore, after 24 h of
treatment of 3 in 1% HCl, 33% of the TBDMS groups were still
present (Fig. 1A.b). In a search for alternative conditions, we  found
that deprotection of 3 with 1 M TBAF in NMP  (Scheme 1iv) was
more efficient than HCl (Fig. 1A.c), with the formation of a strong
Si–F bond being the driving force in the deprotection (Wuts &
Greene, 2007). Still, traces (∼0.4%) of TBDMS protection groups
remained on the polymer backbone after the first deprotection step.
The deprotection was  then repeated to give ≥99.8% desilylation of
TMC (Fig. 1A.d), as has been reported in the synthesis 3-mono-O-
ethyl-cellulose, where the deprotection step was repeated to fully
remove the thexyldimethylsilyl protection group (Koschella, Fenn,
& Heinze, 2006).

After desilylation, 1H NMR  revealed a TMC homopolymer
(Fig. 1B.a). The trimethyl peak was  observed at 3.35 ppm, with
no indications of O- or N,N-dimethylation. The highest previ-
ously reported degree of trimethylation without O-methylation
was approximately 80%, achieved by adding CH3I and NaOH
in four portions to chitosan dissolved in a DMF/water mixture
(Runarsson, Holappa, et al., 2008). Although higher degrees of
trimethylation have been reported (90.5%), these were accom-
panied by high degrees of O-methylation resulting in reduced
water solubility (Polnok, Borchard, Verhoef, Sarisuta, & Junginger,

2004). By using di-TBDMS protected chitosan, O-methylation was
avoided and good solubility in organic solvents was maintained,
which is important for obtaining full N,N,N-trimethylation. Further-
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Scheme 1. Synthetic route for the preparation of N,N,N-trimethyl chitosan (4) and N-alkyl-N,N-dimethyl chitosan derivatives (7a–7c)  Note: Reagents and conditions: (i)
methanesulfonic acid, water, 10 ◦C; (ii) TBDMS chloride (5 equiv.), imidazole (10 equiv.), DMSO, N2, room temperature; (iii) CH3I (15 equiv.), Cs2CO3 (4 equiv.), NMP, 60 ◦C;
( e (10
A , 45 ◦C
f

m
t
c
r
r
O
w
(

a
a
i
a
m

T
R

1

iv)  TBAF (1 M),  NMP, 50 ◦C; (v) propyl aldehyde, hexyl aldehyde or dodecyl aldehyd
cOH  (4 equiv.), DCM, room temperature; (vii) DMS  (16 equiv.), Li2CO3 (4 eq), NMP

or  clarity.

ore, the absence of O-methylation in this product now confirms
hat the hydroxyl groups are fully protected in the di-TBDMS
hitosan precursor. As part of the present work, a methylation
eaction was  carried out according to the procedure recently
eported (Verheul et al., 2008) which confirmed that significant
-methylation was avoided. However, only 64% trimethylation
as achieved with the remaining amino groups dimethylated

Fig. 1B.b).
The chemical structure of the fully substituted TMC  and the

ssignment of individual peaks was further confirmed by 2D HSQC
nd COSY NMR  analysis (Fig. 2A and B, respectively), reveal-

ng a homogenous polymer with clearly resolved peaks for all
toms of the polymer, with no indication of N,N-dialkylation, N-
onoalkylation or O-alkylation.

able 1
eaction conditions and results for the trimethylation reaction of di-TBDMS chitosan (2).

Methylating reagent (equiv.) Base (equiv)/solvent 

CH3I (10) DBU (10)/DCM 

CH3I (10) DBU (10)/DCM 

CH3I (10) Cs2CO3 (1.2)/DCM 

CH3I (10) Cs2CO3 (3)/DMF 

CH3I (15) Cs2CO3 (3)/NMP 

a Degree of substitution calculated from 1H NMR data, substitution excludes 3% N-acet
b nd: not detected.

H NMR  of protected chitosan did not indicate trimethylation and deprotection was  there
 equiv.) respectively, triethylamine (1.1 equiv.), DCM, 45 ◦C; (vi) STAB-H (4 equiv.),
 then TBAF (1 M),  NMP, 50 ◦C. Chitosan has 3% N-acetylation that has been omitted

3.3. N-Alkylimine formation of di-TBDMS chitosan protected
polymer (5a–5c)

N-Alkylation of di-TBDMS chitosan was achieved by stepwise
reductive alkylation, where the imine was isolated after con-
densation of an aldehyde to the amino group of chitosan. This
approach can be used to eliminate the risk of possible dialkylation
(AbdelMagid, Carson, Harris, Maryanoff, & Shah, 1996). For exam-
ple, significant N,N-dialkylation was  reported as a side-product in
the N-monoalkylation of O-acetyl protected glucosamine (Liberek
et al., 2005), where imine formation and reduction were performed

simultaneously. Although conventionally, the primary amine is
used in excess to avoid dialkylation (AbdelMagid et al., 1996), this
approach cannot be used with polyamines such as chitosan, if a

Temp (◦C) Time (h) ds (%)a

RT 48 ndb

40 72 ndb

RT 48 ndb

50 96 90
50 96 100

ylation.

fore not performed.
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Table 2
Different reducing conditions for N-alkylimine-di-TBDMS chitosan derivatives.

Reducing agent (equiv.) Solvent Temp (◦C) Time (h) rd (%)a

H2/Pd DCM RT 24 52
NaBH4 (1.6) MeOH/DCM (50:50) RT 24 29
STAB-H (1.6) MeOH/DCM (50:50) RT 24 20
STAB-H (1.6) MeOH/DCM (20:80) 40 24 26
STAB/AcOH (2/4) DCM RT 48 95
Fig. 2. NMR  analysis of TMC  (4). (A) 1H–13C HSQC. (B) 1H–1H COSY spectra.

igh degree of substitution is desired. Furthermore, the risk of alde-

yde reduction, which can take place when reducing agents such as
orohydrides are used, is also circumvented (Gribble & Ferguson,
975).

ig. 3. 1H NMR  (A) and FT-IR spectra (B) of the main chitosan compounds in
he synthesis of N-hexyl-N,N-dimethyl chitosan. (a) Di-TBDMS chitosan (2). (b)
-Hexylimine-di-TBDMS chitosan (5c). (c) N-Hexyl-di-TBDMS chitosan (6c). (d)
-Hexyl-N,N-dimethyl chitosan (7c).
STAB/AcOH (4/4) DCM RT 24 100

a rd: reduction degree determined by 1H NMR.

Di-TBDMS chitosan (Fig. 3A.a and B.a) was reacted with either
propyl-, butyl- or hexyl aldehyde (Scheme 1v). This reaction yielded
N-alkylimine-di-TBDMS chitosan, as evidenced by the appearance
of an imine proton at 7.4 ppm by 1H NMR  analysis (Fig. 3A.b) and
confirmed by COSY NMR  (Appendix B). IR spectra also showed
a characteristic stretch for the imine C N group at 1673 cm−1

(Fig. 3B.b). Calculations from the 1H NMR  peaks indicated a par-
tial N-substitution of 74–80%. Although various reaction conditions
were investigated, including extended heating, prolonged reaction
times and varying amounts of aldehyde, this did not significantly
affect the degree of substitution (data not shown), which remained
in the previously stated range. Molecular sieves were used to drive
the reaction to completion by water removal. Full substitution was
however not established, probably because of the instability of the
N-alkyl imine, which can convert back to a primary amine and
the corresponding aldehyde (Layer, 1963). Also, the possibility that
steric hindrance of the di-TBDMS protection groups prevented full
substitution could not be excluded.

3.4. Reduction to N-alkyl-di-TBDMS chitosan derivatives (6a–6c)

Typical reducing agents, such as sodium borohydrate and cat-
alytic hydrogenation with H2/Pd, were tested for reduction of the
imine to amine, but resulted in only a partial conversion of 29% and
52%, respectively (Table 2). Thus, STAB-H, a sodium borohydride
derivative, was chosen for reduction of N-alkylimine-di-TBDMS
chitosan to N-alkyl-di-TBDMS chitosan. This reducing agent is mild
and has given better yields and faster reactions than other reducing
agents, including NaBH4 or catalytic hydrogenation (AbdelMagid
et al., 1996). Only a 26% reduction was  observed with MeOH/DCM
as the solvent. STAB-H can degrade in protic solvents such as MeOH
(Gribble, 2007), and this could have contributed to the partial con-
version of the imine to amine. Because STAB-H is partially soluble
in DCM, this solvent was used as the solvent of choice. Acids can
also be used to facilitate complete conversion from imine to amine
(AbdelMagid et al., 1996). This was observed in the present study,
where addition of 4 equivalents of STAB-H and acetic acid to the
reaction in DCM resulted in complete conversion from the imine
to the amine (Scheme 1vi). 1H NMR  spectra revealed the disap-
pearance of the N C–H proton, confirming successful reduction
(Fig. 3A.c), while COSY spectra showed a distinct correlation for
reduced N-alkylated chitosan (Appendix C). Interestingly, prochi-
ral H-7 protons in the N-alkyl chain were observed as two  peaks
at 2.6 and 2.7 ppm. Similar observations were made for the N–CH2
peaks of N-alkyl-d-glucosamine, where the two protons were also
found to have slightly different chemical shifts (Liberek et al., 2005).
Reduction was also confirmed by IR, where the imine stretch at
1673 cm−1 was absent (Fig. 3B.c).

3.5. N,N-Dimethylation and deprotection of N-alkyl-chitosan
derivatives (7a–7c)
N,N-Dimethylation of N-propyl-, N-butyl- and N-hexyl-di-
TBDMS chitosan with CH3I, in NMP  with Cs2CO3 as base, was
investigated because this procedure was successful for the produc-
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Fig. 4. 1H NMR  spectra of N-propyl-N,N-dimethyl chitosan at (A) pH 12, (B) pH 7.4 and (C) pH 3.

Table  3
Degree of N,N-dimethylation for N-propyl-di-TBDMS chitosan.

Methylating reagent (equiv.) Base (equiv.)/solvent Temp (◦C) Time (h) N,N-Dimethylation (%)a

CH3I (10) Cs2CO3 (2)/DMF 50 72 <5b

CH3I (10) Cs2CO3 (3)/NMP 60 48 17
CH3I (10) Cs2CO3 (5)/NMP 100 72 19
CH3I (10) Li2CO3 (4)/NMP 80 72 15
DMS  (16) Li2CO3 (8)/NMP 80 96 <5b

DMS  (16) Li CO (4)/DCM 45 96 63

etermined by 1H NMR.
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a Degree of substitution for N,N-dimethylation of N-propyl-di-TBDMS chitosan d
b Determined in D2O/DCl.

ion of TMC. However, this reaction gave low quaternization values
Table 3). Since cesium base has been reported to suppress over-
lkylation (Salvatore, Nagle, & Jung, 2002), lithium carbonate was
hosen instead, but the reaction still resulted in low quaterniza-
ion. Dimethyl sulfate (DMS), a more reactive methylating agent
han CH3I (Friedl, 1990), was therefore used for N,N-dimethylation.

hen NMP  was used as solvent, the reaction was  <5% but when
CM was used as solvent (Scheme 1vii), the reaction was success-

ul, with a degree of N,N-dimethylation of 65% for N-propyl-, 72%
or N-butyl- and 68% for N-hexyl chitosan derivatives (Fig. 3A.d).

Previous syntheses of quaternized chitosan derivatives such
s N-ethyl-N,N-dimethyl chitosan have been reported, where the
-monoethyl material was produced in one step, followed by
imethylation with CH3I (Bayat et al., 2006). However, the pos-
ibility of N,N-diethylation or O-methylation was not excluded and
etailed NMR  characterization of the derivative was  not reported.
herefore, a more detailed investigation of the synthesis of similar
uaternary compounds was needed.

Very broad peaks were observed for the N,N-dimethyl-N-alkyl-
i-TBDMS chitosan derivatives that were poorly resolved in 1H
MR, and were therefore not characterized before deprotection.
eprotection by 1 M TBAF was confirmed by the disappearance of

he silyl peaks in the 1H NMR  spectra (Fig. 3A.d), the disappear-
nce of the Si–CH3 band at 837–777 cm−1 and the appearance of

 large band at 3418 cm−1 in FT-IR spectra, corresponding to the

–H bond in the IR spectra (Fig. 3B.d). A peak corresponding to the
imethyl peak at 3.27 ppm for N-propyl-, N-butyl-, and N-hexyl-
,N-dimethyl chitosan appeared (Fig. 3A.d), which did not shift
hen NMR  samples were acidified with DCl. A small peak assigned

Fig. 5. NMR  analysis of N-hexyl-N,N-dimethyl chitosan (7c). (A) 1H–13C HSQC. (B)
1H–1H COSY spectra.
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o N-monomethylation of N-alkyl chitosan was not always clearly
resent in the NMR  spectra at neutral pH (Fig. 4B) but became
pparent when the solution was acidified with DCl at ∼3.05 ppm
Fig. 4C) or the material deprotonized at pH 12 (Fig. 4A). The
egree of N-monomethylation of N-alkyl chitosan derivatives was
5–18%. Furthermore, when acidified, the N-alkyl peaks of the N-
onomethylated residue shifted downfield towards the values of

heir N-alkyl-N,N-dimethyl counterparts. Trimethylation was also
etected at 3.34–3.35 ppm, as the result of partial N-alkylation, with
he degree of trimethylation of 13–17%. The structure was  further
nvestigated by detailed 2D COSY and HSQC NMR, which confirmed
he positions of the different protons on the chitosan backbone, as
ell as protons on the alkyl chain (Fig. 5A and B).

Steric hindrance appears to be involved in the reactivity of
i-TBDMS chitosan. While, N,N,N-trimethylation of di-TBDMS chi-
osan by CH3I proceeded to completion, giving 100% trimethylated

aterial, N,N-dimethylation by the more reactive DMS  of N-propyl-
 N-butyl- and N-hexyl-di-TBDMS chitosan was approximately 70%.
n fact, a complete absence of N,N-dimethylation was observed in
he case of N-dodecyl-di-TBDMS chitosan (data not shown).

. Conclusions

In this study, the advantages of a di-TBDMS chitosan protection
trategy for the synthesis of N,N,N-substituted chitosan have been
emonstrated as an addition to previously achieved N-acylation

nd N-acetylation of di-TDMS chitosan. Full N,N,N-trimethylation
f chitosan polymer is reported for the first time. Furthermore,
ighly substituted N-alkyl-N,N-dimethyl chitosan derivatives were
ynthesized and characterized in detail by NMR, confirming the

Chitosan derivative Structure 

N-Alkylimine-di-O-TBDMSchitosan (5)
R = –CH2CH3(a), –CH2CH2CH3 (b) or –CH2CH2CH2CH2CH3 (c)

N,N,N-Trimethyl chitosan (4) 

N-Alkyl-N,N-dimethyl chitosan (7)a

R = –CH2CH3(a), –CH2CH2CH3(b) or –CH2CH2CH2CH2CH3(c)

a Substitution determined at pH 3.
e Polymers 86 (2011) 1451– 1460

assignments of each peak. Partial N-alkylation (propyl, butyl or
hexyl) of di-TBDMS chitosan was found to be likely due to the insta-
bility of the imine bond and/or steric hindrance from the protecting
groups. Subsequent N,N-dimethylation of the N-alkylated material
required DMS, a more reactive methylating agent than CH3I. This
could be attributed to steric hindrance from the TBDMS group and
the existing N-alkyl chain, which can reduce the reactivity of the
amino group. Deprotection of the quaternized derivatives required
alternative conditions than those previously published, with TBAF
providing efficient deprotection of the bulky TBDMS protected
chitosan derivatives. The resulting N,N,N-trimethyl- and N-alkyl-
N,N-dimethyl chitosan derivatives were water soluble, with no
evidence of O-methylation. This also confirmed that the hydroxyl
groups are fully protected in the di-TBDMS chitosan precursor used
in the synthesis.

In the present study, we demonstrate that di-TBDMS chitosan
polymers can be chemically modified under homogenous condi-
tions in common organic solvents at moderate temperatures under
different reaction conditions. Di-TBDMS chitosan thus represents
an ideal precursor for further N-selective modifications.
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Appendix A. Equations used for the calculation of
N-substituted chitosan derivatives

Equation Substitution

A =
( ∫

H-7∫
(S-(CH3)2)2

× 12
1

)
N-Alkylation

B =
(∫

H-14∫
H-1

× 1
9

)
N,N,N-Trimethylation

C =
(∫

(CH3 in alkyl chain)∫
(H-1,1′,1′′)

× 1
3

)
− E N-Alkyl-N,N-dimethyl

D =
( ∫

(H-1,1′)∫
(H-1,1′,1′′)

× 1
1

)
− C N,N,N-Trimethylation
E =
( ∫

(H-15)∫
(H-1,1′,1′′)

× 1
3

)
N-Alkyl-N-monomethyl
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ppendix B. COSY spectra of N-hexylimine-di-TBMDS
hitosan (5c)

ppendix C. COSY spectra of N-hexyl-di-TBMDS chitosan (6c)
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