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ABSTRACT: Cellulose p-toluenesulfonic acid esters (TosCell) with degree of substitution (DSTos) between 0.8 and 1.4 were converted

with ethylene diamine or tris(2-aminoethyl)amine. In contrast to procedures published, the conversion was carried out without any

solvent, i.e., the reagent (amines) was used as reaction medium yielding readily soluble products. Moreover, the absence of an addi-

tional solvent makes the recycling of both not-consumed amine and precipitant easy. Recycling experiments proofed the possibility of

reusing the isolated ethylene diamine. The DS of 6-deoxy-6-(x-aminoalkyl)amino groups is between 0.71 and 0.93, which is in

accordance with the functionalization pattern of tosyl cellulose and the ability of amines to displace primary tosylate moieties only.

Attention must be paid to the precipitant used for the workup procedure; 13C NMR measurements revealed a formation of imine

structures in case of precipitation with acetone. Precipitation in 2-propanol did not lead to any side product. VC 2016 Wiley Periodicals,

Inc. J. Appl. Polym. Sci. 2016, 133, 43987.

KEYWORDS: cellulose and other wood products; polysaccharides; recycling; spectroscopy; synthesis and processing

Received 21 April 2016; accepted 30 May 2016
DOI: 10.1002/app.43987

INTRODUCTION

Amino group containing polysaccharide derivatives can be

found in many fields starting from household applications and

wastewater treatment to highly engineered biomedical uses.1

Various pathways for the introduction of amino- and cationic

moieties have been developed. In technical scale, cationic prod-

ucts are usually prepared by etherification of the activated poly-

saccharide with epoxypropyltrimethylammonium chloride,

2-chloro-3-hydroxypropyltrimethylammonium chloride, or dia-

llyldimethylammonium chloride in the presence of aqueous

alkali as catalyst.2–5 Diethylaminoethyl cellulose is prepared by

conversion of cellulose with monochloroethyldiethylamine in

presence of stoichiometric amounts of sodium hydroxide.6

Moreover, even cellulose derivatives like hydroxypropyl cellulose

are decorated with 2-hydroxypropyltrimethylammonium chlo-

ride substituents of low degree of substitution (DS) and used as

additive in textile industry.7–9

Polysaccharide amino acid esters are described as well, e.g., the

conversion of inulin with lysine10 and of dextran with glycine

mediated with dicyclohexylcarbodiimide was studied.11,12 An

alternative pathway to cationic polysaccharide esters has been

introduced by McCormick and Dawsey, where conversion of the

biopolymer dissolved in N-methyl-2-pyrrolidone/LiCl with

p-toluenesulfonic acid chloride in the presence of pyridine

yields the 4-[N-methylamino] butyrate hydrochloride instead of

the expected p-toluenesulfonic acid ester as the result of a

Vilsmeyer-Haack-type reaction.13 This approach could be suc-

cessfully applied for other lactams.14 However, the methods

described above lead to products with random functionalization

pattern. Derivatives with preferred or solely functionalization of

position 6 of the repeating unit are accessible via nucleophilic

displacement reactions of polysaccharide p-toluenesulfonic acid

esters or 6-deoxy-6-halogeno derivatives. In this regard, conver-

sion of 2,4-diacyl-6-deoxy-6-bromo curdlan with trialkylamines

lead to the corresponding cationic derivatives.15 6-Deoxy-6-

azido polysaccharides, which are accessible in same way can

undergo Staudinger reaction and Staudinger ligation16 yielding

terminal primary amines or amine derivatives. Alternatively, cel-

lulose p-toluenesulfonic acid esters were found to be valuable

intermediates for nucleophilic displacement reactions as whose

synthesis does not require working with triphenylphosphane

and removal of the resulting triphenylphosphaneoxide.17 The

regioselectivity of the nucleophilic displacement reaction can be

controlled by applying appropriate reaction conditions like sol-

vent and temperature.18 Nucleophilic displacement reactions

with ammonia were found to yield insoluble 6-deoxy-6-amino

cellulose due to crosslinking during the conversion.19–21 Soluble

derivatives could be prepared by conversion of tosyl cellulose
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with sodium azide and reduction with LiAlH4
21 or NaBH4 with-

out22,23 or with catalyst.24

Nevertheless, conversion of tosyl cellulose with amines is con-

sidered as the most versatile approach for the preparation of a

broad variety of 6-deoxy-6-amino celluloses.25–27 6-Deoxy-6-(x-

aminoalkyl)amino cellulose derivatives and 6-deoxy-6-(x-ami-

nophenyl)amino celluloses, termed amino cellulose, possess

promising properties. This type of amino cellulose is water

soluble at certain DS and, hence, may be processed in the green

solvent water. Amino cellulose is appropriate for forming thin

and even monomolecular layers on various substrate materials.28

The modified materials bear reactive amino groups that can be

used to immobilize enzymes, which may be used in the field of

biosensor design.26,29 Moreover, the use of amino cellulose as

basis of biomimetic catalysts is studied.30

Amino cellulose bearing hydrophobic moieties appended to the

secondary positions can be transformed to nanoparticles with a

size that is in the range from 50 to 180 nm and can be deco-

rated with fluorescence dyes. These nanoparticles may be

applied as biocompatible sensors in living cells and as carrier

for drugs in medical applications.31 Moreover, 6-deoxy-6-(x-

aminoalkyl)amino and 6-deoxy-6-(x-amino(alkyl)phenyl)amino

cellulose derivatives may act as bacteriocides.32 Even electro-

spun 6-deoxy-6-(x-aminoalkyl)amino cellulose nanofibers show

a high antimicrobial activity against, e.g., Staphylococcus aureus

and Klebsiella pneumonia.33

With respect to the extraordinary properties and application

potential of amino celluloses, it is important to develop path-

ways for their synthesis in an efficient manner. Up to now, the

synthesis of amino celluloses is carried out by the conversion of

cellulose p-toluenesulfonic acid esters (tosyl cellulose) with 10

to 25 molar excess of the di- or oligoamine according to a

nucleophilic displacement (SN) reaction applying an organic sol-

vent like dimethyl sulfoxide (DMSO) or N,N-dimethyl formam-

ide as reaction medium. The high excess of reagent is needed to

exclude crosslinking and hence to omit insolubility of amino

cellulose products obtained. The preparation methods estab-

lished up to now suffer from some drawbacks. They are ineffi-

cient because a high amount of solvent is needed as reaction

medium and for precipitation of the product. Moreover, DMSO

tends to decompose at elevated temperatures forming various

sulfurous compounds, which may be toxic and smelly.

In the present article, we wish to report on a novel efficient

preparation method for amino celluloses without applying any

organic solvent as reaction medium and the recyclization of

precipitant and not consumed amine. The influences of reac-

tion- and work-up conditions on the structure of the products

are investigated.

EXPERIMENTAL

Materials

Cellulose p-toluenesulfonic acid esters 2a-2g were prepared

according to procedures reported in the literature.17 Cellulose

(microcrystalline cellulose, Sigma Aldrich) was dried in vacuum

at 105 8C over potassium hydroxide and lithium chloride (Sigma

Aldrich) was dried in vacuum at 150 8C over potassium hydrox-

ide. Tosyl chloride (Sigma Aldrich) and N,N-dimethyl acetamide

(DMA, Sigma Aldrich) were used as received and triethylamine

(Sigma Aldrich) was distilled from calcium hydride prior to

use. Ethylene diamine, tris(aminoethyl) amine, ion exchange

resin IRA-410 (Cl2-form), acetone, and 2-propanol were pur-

chased from Fluka and used as received.

Measurements

The contents of C, H, N, and S were obtained from a Vario EL

III (Elementaranalysensysteme, Hanau, Germany). The chlorine

content was determined after combustion and potentiometric

titration according to Sch€oniger’s method.34

The 1H- and 13C-NMR spectra were acquired with Bruker

Avance 250 (250 MHz) and Avance 400 (400 MHz) spectrome-

ters in D2O at 50 8C with a concentration of at least 5% (w/w)

of polymer in solution for both measurements. The scan num-

ber was 32 for 1H- and 10,240 for 13C-NMR spectra.

Syntheses

Tosyl Cellulose 2c. In a typical procedure, cellulose (10.0 g,

0.062 mol) was slurried in 300 mL DMA and stirred for 2 h at

120 8C under exclusion of moisture. After cooling to 100 8C 18 g

LiCl were added and stirring was continued until a clear and

viscous cellulose solution was obtained. While cooling to 8 8C a

mixture of triethylamine (34.6 mL, 0.0248 mol) and 35 mL

DMA was added under stirring followed by a solution of tosyl

chloride (23.8 g, 0.124 mol, 5 mol/mol anhydroglucose unit)

in 50 mL DMA. The color of the pale yellow mixture turned

dark reddish brown during stirring for 24 h at 8 8C. The poly-

mer was isolated by precipitation in 1500 mL ice water, filtra-

tion, washing with water (five times, 500 mL) and subsequently

with ethanol (2 times, 500 mL). It was dried at 60 8C to con-

stant mass.

Yield: 21.9 g (99%); Anal. found: C 49.58, H 4.93, S 11.27, Cl

0.93; DSTosyl: 1.26; DSCl: 0.09.

6-Deoxy-6-(2-aminoethyl)Amino Cellulose 3c. Tosyl cellulose

(2.0 g, 0.0056 mol, DSTos 1.26, 2c) was mixed with ethylene dia-

mine (9.35 mL, 0.14 mol, 25 mol/mol modified anhydroglucose

unit) and the temperature was increased to 100 8C under stir-

ring. The tosyl cellulose dissolved within 10 to 15 min and

increase of the viscosity is observed. After 5 h at 100 8C, the

mixture was cooled to room temperature and the polymer was

isolated by precipitation in 200 mL acetone, filtration, and

washing with acetone (23 200 mL) and 2-propanol (23

200 mL). The wet product was then dissolved in 150 mL water

and treated with 50 mL ion exchange resin IRA-401 for 16 h at

room temperature. After evaporating the solvent, the product

was finally lyophilized.

Yield: 0.86 g (74%); Anal. found: C 45.59, H 7.35, N 12.43, S

0.76; DSAmine: 0.93; DSTosyl: 0.05. 13C NMR (400 MHz, DMSO-

d6, d): 21.49 (C-15), 40.14 (C-7,8), 49.45 (C-6N), 60.60 (C-

6OH), 68.76-81.63 (C-2,3,4,5), 99.71 (C-1’), 103.00 (C-1),

128.34-147.57 (C-11,12,13,14).

6-Deoxy-6-(2-aminoethyl)Amino Cellulose and Recycling of

the Reaction Mixture 3e. Tosyl cellulose (20.0 g, DSTos 1.06,

0.0616 mol, 2e) were placed in a double-wall metal reactor
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equipped with an anchor stirrer and mixed with ethylene dia-

mine (150.0 g, 166.7 mL, 2.49 mol, 40 mol/mol modified anhy-

droglucose unit) for 20 min under stirring. The temperature

was increased to 100 8C and stirring was continued for 5 h.

After cooling to room temperature, the polymer was isolated by

precipitation in 2-propanol (700 mL), filtration, and washing

with 2-propanol (33, 300 mL).

Yield: 12.67 g (93%); Anal found: C 47.52, H 7.30, N 10.59, S

2.31; DSAmine: 0.84; DSTosyl: 0.16. The sample dissolves in water.

The filtrates were fractionated by usual distillation. The ethylene

diamine fraction was mixed with tosyl cellulose (20.0 g, DSTos

1.06, 0.0616 mol, 2e) and converted again as described above.

The product was precipitated with 2-propanol and purified.

Yield: 12.45 g (93%, sample 3f); Anal. found: C 47.48, H 7.24,

N 10.23, S 2.15; DSAmine: 0.80; DSTosyl: 0.15; The sample dis-

solves in water.

RESULTS AND DISCUSSION

The starting tosyl celluloses 2a-2g were prepared according to a

previously published procedure.17 Briefly, cellulose dissolved in

N,N-dimethylacetamide/LiCl was allowed to react with tosyl

chloride in the presence of triethylamine for 24 h at 10 8C

(Scheme 1). Tosyl cellulose was precipitated in water, washed,

and dried. The degree of substitution of tosyl groups (DSTos)

was adjusted to about 1 to ensure an almost complete tosylation

of the primary hydroxyl group. It is known that amines react

very well with primary tosylate moieties while the nucleophilic

displacement reaction does not occur with secondary tosylates

of cellulose.35 Formation of 6-deoxy-6-chloro functions during

the tosylation of cellulose must always be taken into account.

However, tosylation is usually carried out at low temperature

(8–10 8C), which reduces this side-reaction to a minimum and,

hence, the chlorine content of the tosyl celluloses is between

0.6 and 1.7%, which corresponds to negligible degree of

Scheme 1. 13C-NMR spectra (D2O) of 6-deoxy-6-(2-aminoethyl)amino cellulose isolated in acetone (top, sample 3b) and 2-propanol (bottom, sample

3c). The asterisk indicated the methyl group of 2-propanol.

Table I. Conditions for and Results of the Conversion of Cellulose p-Toluenesulfonic Acid Ester (Tosyl Cellulose) Dissolved in Amine for 5 h at 100 8C

Conditions Results

Tosyl cellulose

Amineb Sample Yield (g/%)

Elemental analysis

DSAmine
c DSTosylDSTos

a C H N S

2a 0.92 EDA 3a 1.23/97 42.74 7.07 10.77 0 0.74 0

2b 1.01 EDA 3b 1.16/94 40.50 7.50 11.46 0 0.80 0.003

2c 1.26 EDA 3c 0.86/73 45.59 7.35 12.43 0.76 0.93 0.05

2d 1.38 EDA 3d 1.15/99 43.00 7.41 11.17 1.0 0.82 0.064

2e 1.06 EDA 3ed 12.67/93 47.52 7.30 10.59 2.31 0.84 0.16

2e 1.06 EDA 3fe 12.45/92 47.48 7.24 10.23 2.15 0.80 0.15

2f 0.83 TAEA 3k 1.15/65 46.04 9.19 16.15 0 0.74 0

2b 1.01 TAEA 3l 1.18/75 45.02 8.43 15.71 0 0.71 0.004

2c 1.29 TAEA 3m 0.89/58 45.46 8.37 17.26 0.46 0.86 0.04

a Degree of substitution of p-toluenesulfonic acid ester groups.
b Ethylene diamine (EDA), tris(2-aminoethyl) amine (TAEA).
c Degree of substitution of 6-deoxy-6-(x-aminoalkyl)amino group.
d Conversion in larger scale (20 g tosyl cellulose).
e Repetition of the synthesis with recycled EDA from 3e.
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substitution of 6-deoxy-6-chloro groups (DSCl 0.07–0.18). 13C-

NMR spectra of the samples do not contain a signal at around

44 ppm, which is characteristic for the -CH2Cl group.24

The synthesis of amino cellulose was conducted by stirring the

tosyl cellulose in the corresponding amine, which is used as

reaction medium (Scheme 1). The amount of the amine corre-

sponds to 25 to 40 mol amine per mole modified AGU. The

reaction mixture became homogeneous during the course of

reaction. After 5 h reaction time at 100 8C, the polymer was

precipitated with 2-propanol, which was found to be a good

precipitation liquid, and subsequently purified. A chloride-

loaded ion exchange resin was applied in order to remove tosyl-

ate ions completely yielding the corresponding hydrochloride.

Complete removal of tosylate counter ions was evident by 1H-

NMR spectroscopy as described later. The product was soluble

in water and hence any crosslinking reactions could be pre-

vented. In order to store the product, it was dissolved in water

immediately after drying and stored as aqueous solution.

A tosyl cellulose with DSTos 0.92 (sample 2a) yielded a 6-deoxy-

6-(2-aminoethyl)amino cellulose with DSAmine 0.74 (3a,

Table I). Increasing the DSTos led to a slight increase of the

DSAmine (DSTos 1.01, 2b, DSAmine 0.80 sample 3b, DSTos 1.38,

2d, DSAmine 0.82 sample 3d).

Conversions of tosyl cellulose with ethylene diamine revealed that

all tosylate groups were removed mainly by the nucleophilic dis-

placement reaction with the amine provided the DSTos is below 1

(Table I). Obviously, a loss of tosyl groups, i.e., DSAmine is always

lower than the initial DSTos, occurred in every case that is in

accordance with previously published results.25,27 Tosyl cellulose

with a DSTos above 0.8 is also functionalized at the secondary posi-

tions17 that could not be replaced by amines. Independent of the

initial DSTos, the highest DSAmine realized is around 0.8.

An increase of scale from 5 g to 20 g starting material did not

change the product composition significantly. In case of 20 g

starting tosyl cellulose, a product with DSAmine of 0.84 was

obtained (3e). Due to the fact that no additional solvent was

used, the liquid part of the reaction mixture can be fractionated

by distillation very easily. Hence, the solvent used as precipitant

and amine, which was not consumed by the reaction, could be

separated. As shown by sample 3f, the recycled ethylene diamine

could be reused yielding a product with similar composition.

More detailed results on recycling experiments are summarized

in Table II. Here, 20 g of tosyl cellulose 2g (DSTos 0.88) were

allowed to react with 150 g EDA for 5 h at 100 8C. The com-

bined filtrates from precipitation and washing of the product

were fractionated by distillation. Fresh EDA was added to obtain

150 g EDA for the next conversion. It could be demonstrated in

two runs that both fresh and recycled EDA yield comparable

DSAmine values. The product yields are in the range of 92 to

99% indicating negligible loss or product. In case of EDA recov-

ery, the recovery rate is a bit lower (82–92%). However, this is

considered as a technical issue of conducting the distillation

process regarding purity of the fractions.

Conversions of tosyl cellulose possessing DSTos of 0.83 (2f) and

of 1.01 (2b) with tris(2-aminoethyl)amine yielded 6-deoxy-6-T
ab
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(tris(2-aminoethyl))amino celluloses with DSAmine of 0.74 (3k)

and 0.71 (3l). Thus, tris(2-aminoethyl)amine possessed a slightly

lower reactivity compared to ethylene diamine (Table I). It

was interesting to note that crosslinking could be successfully

prevented also in case of this amine bearing three amino

groups.

The samples obtained are well soluble in water. Amino cellu-

lose derivatives lose their water solubility after a certain time

of storage due to not well understood ageing processes (e.g.,

residual tosyl moieties may react with hydroxyl- or amino

groups and, hence, forming cross-links).28 Therefore, storage

in dry state is not recommended. Recent investigations

revealed that controlled aggregation occurs even in aqueous

solution of the amino cellulose derivatives.36 However, aque-

ous solutions were stable for at least one year without forming

noticeable precipitate.

Figure 2. 1H-NMR spectra (left) and 13C-NMR spectra (right) of 6-deoxy-6-(2-aminoethyl)amino cellulose (bottom, sample 3c) and 6-deoxy-6-(bis-(2-

aminoethyl)ethylamine)amino cellulose (top, sample 3m) recorded in D2O. The asterisk indicates the methyl group of 2-propanol, which was used as

internal reference.

Figure 1. Preparation of 6-deoxy-6-(x-aminoalkyl)amino celluloses by conversion of cellulose p-toluenesulfonic acid esters with multifunctional amines

without additional solvent.
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During the nucleophilic displacement reaction, p-toluenesul-

fonic acid is formally formed. Due to their strongly acidic char-

acter and the basicity of the 6-deoxy-6-(x-aminoalkyl)amino

substituent, it is most likely that amino groups are protonated

immediately after their formation. The tosylate acts as counter

ion as expected. As a consequence, two different tosyl species

must be present in the polymer if the conversion is incomplete.

It is reported in the literature that both shape and chemical

shift of the NMR resonances of the different tosyl moieties

depends on their chemical nature (ionic- and covalently

bound).37 In case of both structures present in the polymer, two

broad and two sharp peaks can be detected for the benzene ring

between 7 and 8 ppm. One of each group overlaps at 7.5 ppm,

while the peaks at 7.06 ppm (Tos2) and at 7.77 ppm (Tos) can

be used to evaluate the conversion. As mentioned, the amino

cellulose samples were treated with a chloride-loaded ion

exchange resin in order to remove all tosylates acting as counter

ions. This treatment was necessary in order to calculate the

DSAmine and DSTos values accurately from the elemental compo-

sition (nitrogen- and sulfur content). As revealed by 1H-NMR

spectroscopy, depending on the residual content of tosyl groups

and, hence, DSTos, only signals for covalently bound tosyl moi-

eties appear in the NMR spectra (Figure 2). Peaks characteristic

for tosylate ions cannot be detected, which is an indication for

the complete ion exchange.

The samples were analyzed by 1H- and 13C-NMR spectroscopy;

typical spectra are shown in Figure 2. From the 1H-NMR spec-

tra it became obvious that a complete removal of the ionic tos-

ylate moieties occurred. Moreover, the intensity of the

characteristic signals of the tosyl group covalently bound to the

polymer backbone (methyl group at 2.5 ppm and aromatic

hydrogen atoms between 7.5 and 8.0 ppm) was low, which is in

accordance with the low DSTos of amino cellulose samples (sam-

ple 3c, DSTos 0.05 and sample 3m, DSTos 0.04). The signals of

the modified AGU and the amino groups appeared in the same

range and could not be separated. Further information could be

gained from the 13C-NMR spectra. In all cases, no or very small

signals of the tosyl groups were detected (methyl group at 21.49

ppm and aromatic carbon atoms between 128 and 148 ppm).

Two peaks for the carbon atom at position 1 appeared that

indicated the partial functionalization of position 2; most likely

by small amount of remaining tosyl groups. Further signals of

the modified repeating unit were found in the range from 68.76

to 81.63 ppm (C-2-5). The existence of two signals assigned to

position 6 is in accordance with the degree of functionalization

(DSAmine approximately 0.9 for sample 3c and 3m). The small

signal at 60.7 ppm is characteristic for a CH2OH group and the

peak of high intensity around 50 ppm is caused by the

CH2NH2 moiety. Further signals of CH2 groups adjacent to

nitrogen appeared between 55 and 38 ppm.27,38 To summarize,

to avoid an additional solvent does not influence the DSAmine.

In Ref. 38, a tosyl cellulose with DSTos of 1.05 was dissolved in

dimethyl sulfoxide and allowed to react with 25 mol EDA for

6 h at 100 8C yielding a product with DSAmine of 0.84 and DSTos

of 0.15 and is comparable with samples 2e and 2f (Table I).

It must be pointed out that the precipitant for the polymer

must be selected with caution. As depicted in Figure 1, the 13C-

NMR spectra of 6-deoxy-6-(2-aminoethyl)amino cellulose may

differ significantly depending on the precipitant used (acetone

or 2-propanol). In case of acetone as precipitant, which is a

good precipitant of cellulose derivatives as well, signals between

160 and 171 ppm became obvious (Figure 1, sample 3b). These

signals did not correspond with the chemical structure of 6-

deoxy-6-(2-aminoethyl)amino cellulose and, hence, side reac-

tions must be taken into account. The chemical shift of 171

ppm was attributed to an imine moiety, which was obviously

the product of the conversion of primary amines of the cellulose

derivative with acetone. The other two peaks at 164.5 and 160.0

ppm could not be assigned. In addition to the imine formation,

it must also be taken into account that cyclization may occur. It

is described in the literature that conversion of carbonyl com-

pounds with aliphatic diamines leads to imidazolidines as

well.39 Therefore, it is recommended to use 2-propanol as pre-

cipitant instead of acetone. Here, no signals could be detected

in the carbonyl region of the 13C-NMR spectrum (Figure 1,

sample 3c).

CONCLUSIONS

Tosyl cellulose could be efficiently converted with ethylene dia-

mine and tris(2-aminoethyl) amine to the corresponding 6-

deoxy-6(x-aminoalkyl)amino cellulose derivatives without addi-

tional solvent, i.e., the amine used acts as both reagent and

reaction medium. Depending on the initial degree of substitu-

tion of tosyl groups, an almost complete nucleophilic displace-

ment reaction could be achieved. Precipitation of the product

in 2-propanol afforded the pure compounds while precipitation

in acetone leads to the partial formation of imine structures.

The amine, which was not consumed by the conversion, could

be easily separated from the precipitant by distillation with

acceptable loss (<20%) and used for further conversions with-

out change of reactivity. These results appear to be very impor-

tant regarding the preparation of amino cellulose derivatives in

larger scale and more efficiently for application tests. The

detailed elucidation of side reactions between the amine and

acetone remained still open.
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