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A green strategy for efficient tosylation of starch was demonstrated in the eco-friendly solvent NaOH-
urea in the presence of surfactants. The influence of surfactant nature, surfactant amounts, and the
molar ratio between p-toluenesulfonyl chloride (TsCl) and the anhydroglucose unit (AGU) on the degree
of substitution (DS) was studied. The tosyl products were characterised by means of CHNS elemental
analysis and spectroscopy including FTIR, *H-NMR and *C-NMR. The results demonstrate that this
methodology allows a range of degrees of substitution (DS) to be observed depending on the
surfactants and prove that neutral surfactants are not necessary to obtain high DS of tosyl groups as in
the case with cellulose starting materials previously reported. Subsequent nucleophilic displacement (Sy)

Received 21st February 2023,
Accepted 11th April 2023

DOI: 10.1039/d3nj00830d

rsc.li/njc reactions of the tosyl groups in this medium were also investigated.
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Starch is a polysaccharide containing anhydroglucose monomeric
units linked via glycosidic bonds. They are composed of two main
components with different physicochemical properties: amylose, a
linear polymer with o-(1 — 4) glycosidic linkages, and amylopec-
tin, a highly branched polymer with lots of short chains due to
additional o-(1 — 6) glycosidic linkages." Starch from different
botanical resources has varying percentages of amylose and amy-
lopectin, and hence diverse physicochemical properties for varied
areas of applications.>* Starch has outstanding characteristic
properties including natural abundancy, cheapness, renewability,
non-toxicity, and biodegradability. Blending starch with other
materials can, therefore, provide materials with a variety of
physicochemical benefits. Corn and potato starch, for example,
were incorporated into tissue scaffold matrices to improve their
mechanical properties and biocompatibility.>” Starch was also
used in a controlled-release drug delivery system to enhance drug’s
efficiency and reduce drug’s toxicity in the pharmacological area.®®

Enhancing materials properties using native starch is, how-
ever, proved challenging as there are inherent limitations of
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native starch to overcome such as its poor solubility, low
mechanical strength, tendency to retrograde, and the difficulty
to process.'”™ Chemical modifications, in this regard, provide an
approach to eliminate these shortcomings and to achieve desired
properties for specific applications."” The multifunctional struc-
ture of starch allows three readily available hydroxyl groups per
anhydroglucose unit (AGU) repeating unit to be chemically deri-
vatised with different functional groups and various functionali-
sation patterns, unfolding endless possibilities to diversify its
properties. Most common chemical modifications of starch
include esterification,’**® etherification,"®'” carbonisation,'®*°
crosslinking, and oxidation.*** Esterification, for example, was
used to reduce starch’s hygroscopicity by converting hydrophilic
hydroxyl groups to hydrophobic ester groups so that the modified-
starch can be used as a renewable alternative to fossil-based
feedstock.>* Etherification, as a step towards cationic starch
derivatives, on the other hand, plays an important role in waste-
water treatment as this can improve starch adsorptive capacity for
the removal of anionic dyestuffs from the textile industries.>*”
The discovery of an easily prepared reactive starch inter-
mediate whose functional groups can be more diversely trans-
formed will enable the fabrication of a larger library of starch
derivatives. In the past few decades, tosyl starch, derived from
the reaction of starch with toluene sulfonyl chloride, represents
the most promising candidate in this regard due to the ease of
subsequent nucleophilic displacements. The major problem
towards the manufacture is, however, the immiscible nature of
starch in aqueous solution as well as most common organic
solvents. Starch tosylation in pyridine was initially studied but
only under heterogenous course of reaction.”®*® Even when
tosylation is carried out in high-polar solvents such as dimethyl
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sulfoxide (DMSO) and N,N-dimethyl formamide (DMF), only a
small degree of substitution (DSr,s) is observed due to phase
separation of the reaction products. A combination of N,N-
dimethylacetamide (DMA) and lithium chloride offers an effi-
cient homogenous synthetic path towards products with a wide
range of DSy, depending on the conditions.*®*" However, there
comes serious health and environmental concerns associated
with the use of these solvents as they are flammable, toxic and
hazardous. Thus, the discovery of green solvents is a long-term
endeavour that would impact a wide range of research as this
would open a new paradigm for homogeneous starch modifica-
tion on both the lab and commercialisation scale.

In the past few decades, much research has been devoted to
ionic liquids and supercritical carbon dioxide as green solvents
for starch modification.’*®> However, because of the cost
and difficulty to handle, they are deemed unsuitable for large
scale processing. New aqueous solvents seem to be a better
alternative but most of them suffer from the hydrophobicity of
the reaction products which leads to phase separation and hence
small DSp,s due to the insufficient reactivity.*® Recently,
T. Heinze and co-workers reported the multigram scale synthesis
of cellulose tosylates of high DSt with the use of environmen-
tally friendly aqueous NaOH-urea media with the addition of
surfactants.”” They found that this solvent system shows
predominant functionalisation at C¢ and high DSy, products
were observed with the use of a non-ionic surfactant such as
imbentin. Inspired by this work, we envision the possibility of
using an analogous system for starch tosylation.

Herein we describe a synthetic methodology for the function-
alisation of tosyl groups into the starch scaffold by using eco-
friendly aqueous NaOH-urea media with a range of surfactants,
and investigate the relationship between the surfactant nature,
DSros values, and functionalisation pattern of the obtained pro-
ducts. Importantly, we also highlight the fact that neutral surfac-
tants are not necessary for obtaining high DSy, in starch as in the
case of cellulose tosylation reported previously, but ionic surfac-
tants could also give satisfactory DSy.s. The tosylated samples
were characterised by elemental analysis and spectroscopic meth-
ods including FTIR, *C-NMR and "H-NMR. Starch tosylation in
this media was found to occur predominantly at C, as evidenced
by "*C-NMR and "H-NMR spectra, and this was shown to be in
contrast with the previously reported analogous reaction with
cellulose whose functionalisation occurs mainly at Ce.

Experiments
Chemicals and materials

Cassava starch was purchased from a local supermarket in
Bangkok and used without further purifications, while pineapple
starch was prepared in-house using the procedure reported by
our research group.®® p-Toluenesulfonyl chloride (TsCl),
Tween™-20, Tween™-20, pyridine, and SDS were purchased from
Tokyo Chemical Industry (TCI). Sodium hydroxide (NaOH, 97%),
Brij®30 and Triton™X 100 were purchased from Sigma-Aldrich.
All solvents were purchased from RCI Labscan. Deionised (DI)
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water from a Milli-Q Advantage A10 Water Purification System
with an electronic resistance >18.2 MQ cm at 25 °C was used in
all experiments.

Characterisation

Fourier transform infrared (FT-IR) spectra were recorded using
the attenuated total reflection technique (Bruker, Alpha) 4000-
500 cm ™' to confirm successful functionalisation of all modified
starch. Elemental analysis was carried out to determine the
percentage content of carbon, hydrogen, nitrogen, and sulfur
in all starch samples using a Thermo Scientific FlashSmart
Elemental Analyzer (PS42267-EN 1116). Thermogravimetric ana-
lyses (TGA) were performed on a SDT 2960 SDT V3.0F in the
temperature range of 40-1000 °C under air flow with a heating
rate of 10 °C min '. The samples for NMR analysis were
prepared as de-DMSO solutions. Their "H NMR spectra were
recorded using a Bruker AVANCE 400 spectrometer (400 MHz), a
Bruker AVANCE 500 spectrometer (500 MHz), and a Bruker
AVANCE 600 spectrometer (600 MHz), while >*C NMR spectra
were recorded on the same machine (100 MHz) at 298 K.

Aqueous tosylation of starch in NaOH-urea/surfactant

Oven-dried starch (1.0 g, 6.2 mmol) was dissolved in distilled
water (30 ml) followed by the addition of NaOH (1.8 g, 44 mmol)
and urea (3.0 g, 50 mmol) with stirring to obtain a clear
solution. TsCl (4.7 g, 25 mmol, 4.0 equivalents of AGU) and
Brij® 30 (1.0 ml, 2.62 mmol) were then added to the mixture.
After the reaction solution was stirred vigorously at 25 °C for 24 h,
the mixture was precipitated into 200 ml ethanol to obtain a
white precipitate which was subsequently filtered off, and washed
with ethyl acetate. The white solid was resuspended in a 2:1 (v/v)
mixture of ethanol-water (15 ml), and then filtered off. The
obtained white precipitate was ground using a pestle and mortar,
washed with ethanol, and filtered off. The grinding and washing
steps were performed twice to remove the remaining surfactants.
The collected product was then dried in an oven at 60 °C for 24 h.
Brij could be replaced with other surfactants including neutral
surfactants (Tween®20, Tween®80, and Triton™X-100), and ionic
surfactants (CTAB and SDS). The effect of of surfactants and TsCl
per AGU molar ratio was also studied by using the same condi-
tions, but the amount of surfactants and TsCl was subsequently
changed according to Table 2.

Tosylation of starch in DMA/LiCl

Tosylation of starch in DMA/LiCl media was modified from the
synthetic procedure reported by Heinze et al.*' An oven-dried
starch (5 g, 31 mmol) was suspended in DMA (100 ml) and
stirred at 130 °C for 1 h. After the slurry had been allowed to
cool to 100 °C, anhydrous LiCl (10 g, 202 mmol) was added
portion wise. During cooling to room temperature with stirring,
the starch suddenly turned from slurry to a clear-viscous
solution. A solution of triethylamine (14.8 ml, 107 mmol) in
DMA (10 ml) was added. The solution was further cooled down
to about 8 °C and TsCl (23.6 g, 123 mmol) in DMA (30 ml) was
added dropwise with stirring. The reaction mixture was addi-
tionally stirred for 24 h at room temperature and then slowly
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poured into 500 ml of ice water. The precipitate was filtered off,
washed with ethanol, and the product was dried at 60 °C
for 24 h.

Tosylation of starch in DMSO/LiCl

Oven-dried starch (1.0 g, 6.2 mmol) was dissolved in DMSO
(20 ml). Anhydrous LiCl (2.0 g, 40 mmol) was added, followed by
the addition of triethylamine (2.9 ml, 21.4 mmol) and TsCl (2.4 g,
12 mmol) portion wise. After stirring at room temperature for
24 h, the reaction mixture was poured into ice-water (150 ml).
The precipitate was filtered off, washed with ethanol, and the
product was dried at 60 °C for 24 h.

Tosylation of starch in DMF/LiCl

The reaction was carried out using the same procedure as
aforementioned for tosylation in DMSO/LiCl but DMSO was
replaced by DMF with the same volume.

Tosylation of starch in anhydrous pyridine

Oven-dried starch (1.0 g, 6.2 mmol) was dissolved in anhydrous
pyridine (25 ml) and stirred at room temperature for 16 h.
Subsequently, TsCl (3.5 g, 18 mmol) was added portion wise.
The reaction mixture was kept stirring and heated at 60 °C for
2 h. After the reaction mixture was cooled down to room
temperature, the mixture was poured into a 4:1 (v/v) mixture
of methanol-water (250 ml). The solid product was then filtered
off, washed with water, and dried to give a white powder.

Nucleophilic displacement reactions of starch

The oven-dried tosyl sample prepared in Brij® 30 (DSgos = 0.65;
0.2 g, 0.68 mmol) was dissolved in distilled water (6 ml)
followed by the addition of NaOH (0.3 g, 7.33 mmol) and urea
(0.5 g, 8.33 mmol) with stirring to obtain a clear solution.
Sodium azide (57.9 mg, 0.89 mmol, 1.5 equivalents of DSyys)
and Brij® 30 (1.0 ml, 2.62 mmol) were then added to the

OH
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OH RT, 24 hrs.

Starch

Non-lonic Surfactants

01\/\ ‘],H
0
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Scheme 1 Tosylation reaction of starch in aqueous media.
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mixture. After the reaction mixture was stirred vigorously at
80 °C for 24 h, the mixture was precipitated into 40 ml ethanol
to obtain a white precipitate which was subsequently filtered
off and washed with ethanol. The product was dried in a
vacuum for 8 h. Sodium azide could be replaced with potas-
sium phthalimide (164.8 mg, 0.89 mmol, 1.5 equivalents of
DSros) under the same conditions. Similar nucleophilic displa-
cement reactions were also performed in DMSO (6 ml).

Results and discussion

Tosylation reaction of starch was carried out by reacting TsCl
with dried cassava starch in different solvent systems and the
amount of TsCl was initially kept constant at a 4:1 molar ratio
of TsCl per anhydroglucose unit (AGU) (Scheme 1). The resulting
products were investigated after the successful tosylation by deter-
mination of the degree of tosyl substitution (DSt.s) and percentage
of sulfur (%S) in each sample via "H NMR spectral analysis and
CHNS analysis, respectively. Selections of reaction media played key
roles in controlling the DSy, and %S presented in each sample
(Table 1). The reaction carried out in a mixture of the DMA/LiICl
solvent system gave a homogeneous solution and produced the
tosyl starch product with DSy, of 0.75% and %S of 9.26 (Table 1,
entry 1). Replacement of DMA with other polar aprotic solvents
including DMF and DMSO significantly reduced the solubility of
reaction products as observed by the formations of the heteroge-
neous clumps through the course of reactions, resulting in a
negligible DSy, (Table 1, entries 2 and 3). A negligible DSy was
also observed in the tosylation reaction carried out in DMSO and
DMF without the addition of LiCl (Table 1, entries 4 and 5).
Interestingly, tosylation of starch in anhydrous pyridine followed
the method reported by Hirase et al. and Horton et al. gave
negligible DSy, (Table 1, entry 6) and %S. According to the original
reports, a nucleophilic substitution reaction of tosyl groups with
sodium iodide in 2,5-hexane-dione was employed to indirectly

Tosyl starch

lonic Surfactants

O
NSNS .
O”S\O Na

Sodium Dodecyl Sulfate (SDS)
(Anionic Surfactant)

Cetylammonium Bromide (CTAB)
(Cationic Surfactant)
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Table 1 The effect of solvent systems on the degree of substitution of
tosyl starch samples

Entry Solvent Additives Surfactant %S® DSros”
1 DMA LiCl — 9.26  0.75
2 DMSO LiCl — — —-
3 DMF LiCl — — —
4 DMSO — — — —
5 DMF — — — —
6 Pyridine — — — —
7 Water NaOH, urea — 0.21 0.01
8 Brij® 30 7.88  0.65
9 Tween ™20 3.38  0.20
10 Tween ™80 3.08  0.18
11 Triton™X-100  7.15  0.55
12 SDS 6.91  0.53
13 CTAB 4.42 028

“ %S is percentage of sulfur determined by elemental analysis. * DSyo, was
calculated from the sulfur content of the product according to the equation:
DSros = 162 X S (%)/[3200 (%) — 155 X S (%)]. © %S = 0 and the resulting
product did not show "H-NMR signal of tosyl moieties. ¢ A negligible DSy,
and "H-NMR spectrum revealed proton signals of tosyl moieties.

confirm that tosylation occurred predominantly at Cs of AGU in
modified starch.”®*® However, "H NMR spectral evidence was not
used as a main characterisation technique in these reports.

Our effort moved towards tosylation in eco-friendly aqueous
media. Starch was insoluble in water and the dissolution can be
facilitated by the addition of NaOH and urea (Fig. S1, ESI{) as a
result of dissociation of a double-helical structure of the native
starch and crystal to amorphous structural transformation
under these conditions.® However, an aqueous NaOH-urea
system still afforded only small DSy, due to the immiscibility
of reagents such as TsCl over the course of reaction (Table 1,
entry 7). Enhanced solubility of starch and TsCl can be achieved
by the addition of surfactants. In this work, we used two types
of surfactants including commercial non-ionic and ionic sur-
factants (Scheme 1). In the presence of surfactants, tosyl starch
products were obtained with the DSy, in the range of 0.20-
0.65, and showed no distinct correlation between the DSy, of
the products and the types of the surfactants added (ionic or
non-ionic surfactants). With a variety of surfactants used under
investigation, our results are in stark contrast with the pre-
viously reported analogous cellulose tosylation reaction where
Imbentin, a neutral surfactant, could give a higher DSt in
comparison to the conditions using SDS. In our cases, neutral
surfactants are not always champion in the tosylation of starch
as evidenced by lower DS, values observed in Tween®20 and
Tween™80 (Table 1, entries 9 and 10, DStos = 0.20 and 0.18,
respectively) than the values obtained from SDS and CTAB
(Table 1 entries 12 and 13, DSy, = 0.53 and 0.28, respectively).
These results suggested that suitable surfactants can facilitate
tosylation reactions in aqueous media with satisfactory DSy, values.

In order to investigate the effect of surfactant amount and
TsCl per AGU molar ratio on the DSy, in aqueous tosylation
reaction, we chose Brij™ 30 as a model in this study due to
Brij® 30 giving the highest DSp,s amongst the surfactants
studied (Table 1, entry 8). Brij® 30 detergents are non-ionic
surfactants derived from ethoxylating natural alcohols, consisting
of alkyl and polyoxyethylene (POE) ether components, and used in

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023

View Article Online

NJC

a variety of applications including liquid crystals and protein
solubilisation by forming micellar structures upon adding it above
the critical micelle concentration (CMC).*>*! In this study, we set
a concentration range of Brij™ 30 above its CMC (7.0-14.5 mg L ™)
to ensure that micelles are formed in the mixture. We found that,
at a constant TsCl per AGU molar ratio (4 : 1), DSy, increases with
the amount of Brij® 30 added (Table 2, entries 1-8). This is
postulated by the fact that a higher amount of surfactant in the
system implies a higher ability to form more micelles in the
solution, and this helps with the homogeneous dissolution of
higher DSy, products during the course of the reaction. Corre-
spondingly, at the same molar ratio of Brij® 30 per AGU, the
increasing molar ratio of tosyl chloride per AGU yields products
with higher DSy (Table 2, entries 8-11).

The structures of pure starch and tosyl starch samples
obtained under different solvent media were investigated and
compared by means of FTIR spectroscopy (Fig. 1). The starch
FTIR spectrum shows broad absorption at 3600-3000 cm™ "
belonging to multiple O-H groups in the polysaccharide back-
bone. The tosyl starch samples obtained from the DMA/LiCl
system, however, reveals a significant decrease in O-H absorp-
tion with the appearance of characteristic absorption peaks at
1353 and 1173 cm™ ' belonging to -SO, symmetric and asym-
metric stretches, and the appearance of signals at 1597 cm ™"
due to C=C stretching and at 810 and 665 cm ' due to C—=C
bending of the benzene ring. Tosyl starch samples obtained
under anhydrous pyridine shows similar absorption to pure
starch due to negligible substitution under this condition while
tosyl samples obtained with Brij® 30 shows a similar FTIR
spectrum to that of DMA/LIiCl. The FTIR spectra of the tosyl
samples with other surfactants were also compared and they
are all representative of tosyl starch (Fig. S2, ESIt).

Insight details were further studied by 'H-NMR and
3C-NMR spectral analysis of the tosylated products in dg-DMSO.
First, the product obtained using DMA/LIiCl was studied. The *H-
NMR spectrum of the product obtained from a combination of
DMA/LICl revealed that tosylation occurred predominantly at the

Table 2 The effect of surfactants and TsCl per AGU molar ratio on the
degree of substitution of tosyl starch samples®

Molar ratio

Entry Brij® 30:AGU TsCl: AGU %S” DSros’
1 0.016 4 1.07 0.06
2 0.026 4 0.75 0.04
3 0.034 4 0.68 0.04
4 0.042 4 2.04 0.12
5 0.084 4 4.95 0.33
6 0.170 4 7.39 0.62
7 0.254 4 6.99 0.54
8 0.424 4 7.88 0.65
9 0.424 3 6.26 0.45
10 0.424 2 5.94 0.42
11 0.424 1 2.65 0.15

“ The reactions were carried out in an aqueous NaOH-urea system.
b %S is the percentage of sulfur determined by elemental analysis.
¢ DSpos Was calculated from the sulfur content of the product according
to the equation: DSy, = 162 x S (%)/[3200 (%) — 155 X S (%)].
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Fig. 1 FTIR spectra of tosyl starch samples obtained in different solvent
systems.

secondary hydroxyl group of C, in accordance with the literature
(Fig. S5, ESIT).”" The spectrum shows characteristic tosyl moiety
signals at 7.80, 7.39 and 2.37 ppm corresponding to aromatic
protons H,, H;, and methyl proton H,, respectively. Despite tosyla-
tion in anhydrous pyridine showing a negligible DSy, the "H-NMR
spectrum of the tosyl starch synthesised under this condition
shows two sets of aromatic protons (Fig. S4, ESIT). The first set of
aromatic proton signals appeared at 7.46 and 7.11 ppm belonging

C2-C3-C6 Functionalisation

C2-Functionalisation

Aromatic Region

DMAJLICI (a)
C2 functionalisation

NaOH-Urea/Brij () \

C2-6 functionalisation

© k 1 e

Pyridine
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to H, and Hjy, tosyl protons, respectively, while the second set of
aromatic proton signals appeared at further downfield resonances
8.66, 8.01 and 7.57 ppm belonging to pyridinium moieties. These
result suggest that displacement of tosyl groups by the pyridine
solvent occurred and thus significantly reduced %8S as well as DS
to negligible values (Table 1, entry 6). Therefore, only CHNS
elemental analysis could result in misinterpretation and emphasise
the need for NMR spectroscopic techniques for insight studies. By
using our NMR spectral results together with analysis results from
previous studies, we can use the "H-NMR spectra of the tosyl starch
prepared from DMA/LICI to represent the predominant C, functio-
nalisation and from pyridine to represent the predominant Cs
functionalisation albeit partial pyridine substitutions observed
(Fig. 2).

The "H-NMR spectrum of the tosyl starch product obtained
with NaOH-urea-Brij™¥30 system (DSyos = 0.65) recorded in
de-DMSO reveals that the tosylation reaction occurs at hydroxyl
positions C, and Cg (Fig. 2b). There are two sets of tosyl protons
in both aromatic and methyl regions assigned to be tosylations
of hydroxyl groups at positions 2 and 6 of AGU. The aromatic
region shows signals at 6 = 7.68 ppm and J§ = 7.35 ppm
belonging to H, and H,, of the tosyl groups at C, and signals
at § = 7.48-7.46 ppm and 6 = 7.12-7.10 ppm (d, J = 7.9 Hz)
belonging to H, and Hy, of the tosyl groups at Ce. The tosyl
proton signals at C, positions become slightly upfield shifted
and broad in comparison with the chemical shifts of tosyl
signals observed in the spectrum of the tosyl starch prepared
from DMA/LIiCl. Peak broadening and slight chemical shift
changes are presumably caused by the variations in non-
covalent interactions of C,-tosyl groups when there are high

Cé6-Functionalisation

b
c
o OH or --o S—< :)—CH3
[e]

(-0Ts)
e

Tg/\\:/> f

Only in the case of
C6-Functionalisation

Methyl Group Region

C6 functionalisation Hq Hy H, H,

8.8 8.6 8.4 8.2 8.0 7.8 7.6 7.4

Chemical Shift (ppm)

7.2 7.0 242 240 238 236 234 232 230 228 226 224
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Fig. 2 'H-NMR spectra of tosyl starch prepared under the conditions using (a) DMA/LICL, (b) NaOH-urea/Brij® 30, and (c) pyridine solvent systems,

recorded in dg-DMSO at 25 °C.
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Table 3 Partial degree of substitution at C, and Cg calculated by the peak
integration method of tosyl starch samples at different DSy, Obtained
under NaOH-urea-Brij® 30 conditions

Percentage distribution of tosyl groups

Entry DSros C, (%) Ce (%)
1 0.15 88.50 11.50
2 0.33 93.46 6.54
3 0.45 87.72 12.28
4 0.54 93.46 6.54
5 0.65 88.89 11.11

levels of Cg-tosyl groups present in the polymeric chain. In
addition, the methyl signals at 6 = 2.34 and 2.28 ppm are
assigned to H, of the tosyl moieties at C,, and Cg, respectively.
The "H-NMR spectrum of the tosyl products obtained from
other surfactants also show similar spectral patterns, suggest-
ing that hydroxyl groups at positions C, and C¢ in the AGU are
made available for tosylation reaction under the influence of
surfactants (Fig. S13-S17, ESIt). Note that there might be
marginal tosyl substitutions at C; but their spectral features
are unresolved.

The percent distribution of functional groups of the obtained
products at different DSy, prepared with Brij® 30 was also
determined by the integration method (Table 3, see spectra in
the ESI,t Fig. S6-512). Here we demonstrated that starch tosyla-
tion with the NaOH-urea-surfactant favourably occurs at position
C, followed by C with a substitution ratio of 9:1. T. Heinze and
co-workers used chemical shifts and splitting patterns in the
3C-NMR spectra of tosyl cellulose at different DSy, to determine
the functionalisation pattern of cellulose tosylation in the NaOH-
urea system. In this work, the "*C-NMR spectra of tosyl starch
samples in NaOH-urea-Brij ® 30 with DSy of 0.33, 0.54 and 0.65
were therefore recorded in d¢-DMSO at 25 °C for a similar purpose
(Fig. 3). Carbon chemical shifts of aromatic tosyl moieties (C;, Cg,
Coy and Cy,) and tosyl methyl signal (Cy;) can be observed at 128-
146 and 22 ppm, respectively. The signals on the carbohydrate
backbone (C,_¢) were assigned in accordance with the literature.
It is noteworthy that, at higher DSr,, a stark splitting of the C;
signal is observed due to significant tosylation of starch at

S 2/
I R=Hor -l-ﬁ—O—CHJ
RO. 1O, ‘o J

OR (-0Ts)
‘ Tosyl starch
|

!
DSy, = 0.65 &a.)'*“ N ‘ 'Vw | w
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C; Ce-Cio C CCs Ce
155 150 145 140 135 130 125 120 115 110 105 100 95 90 85 80 75 70 65 60 55 50 45 40 35
Chemical shift (ppm)

Fig. 3 *C-NMR spectra of tosyl starch (a) with a degree of substitution
(DStos) = 0.65 (b) DStos = 0.54, and (c) DS+es = 0.33, recorded in dg-DMSO
at 25 °C.
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position 2 while the intensity of the C¢ signal appreciably remains,
suggesting a small degree of substitution at position 6. There
appears no new signal of C, influenced by Cs-tosylation which
would normally be observed at § = 73.1 ppm, suggesting insignif-
icant Cs-tosylation. Therefore, the tosylation reaction of starch in
NaOH-urea-Brij® 30 was further confirmed to occur predomi-
nantly at position 2 in accordance with "H-NMR integration data
previously discussed.

The thermal properties of tosylated starch samples were also
investigated via thermogravimetric (TGA) analysis under an N,
atmosphere. Native starch showed an initial weight loss of
water adsorbed in the sample around 23% of the initial mass
while the main weight loss of 77% occurred at the decomposition
temperature around 338 °C. Functionalisations of native starch
with tosyl groups enhanced the hydrophobicity of the samples as
observed by a significantly reduced amount of water adsorbed in
the samples (from 23% to the range of 4-6%). Introduction of
multiple tosyl groups into the anhydroglucose units interrupted
formations of intra- and inter-chain hydrogen bonding of native
starch and shifted the decomposition temperature to a lower
temperature range (193-210 °C) with higher percentages of char
yields in comparison to the native starch (Fig. S26-5S30, ESIT).

Tosyl starch has been a key intermediate in the preparation
of starch derivatives. The tosyl groups can be simply substituted
by subsequent nucleophilic substitution reactions. In this
work, the transformations of tosyl starch with sodium azide
and potassium phthalimide in DMSO and aqueous NaOH-
urea-Brij® 30 were studied. The products were characterised
by spectroscopic techniques including FTIR and 'H-NMR
(Fig. $18-S25 and Tables $2-S5, ESIt). The "H-NMR spectra of
both obtained products carried out in DMSO medium show
variations of aromatic and methyl proton signals belonging to
tosyl groups at C, (0 of H,, Hy, = 7.84-7.41 ppm, and ¢ of H. =
2.42-2.34 ppm), with insignificant signal for tosyl protons at Cs
(Fig. S18 and S19, ESIt). The FTIR spectra confirm the presence
of the azide and phthalimide groups showing characteristic
absorptions at 2103 cm™ " belonging to the N—=N=N stretching
of the azide group and at 1773 and 1713 cm ™" indicative of a
doubly carbonyl stretch of a cyclic imide in phthalimide
(Fig. S22, S23 and Tables S2, S3, ESIf). These results indicate
that the substitution successfully occurs mainly at the least
steric position Cg. The '"H-NMR spectra of the obtained pro-
ducts obtained for a mixture of NaOH-urea-Brij® 30 show a
large presence of the broad aromatic and methyl proton
downfield-shifted signals belonging to tosyl groups at C, (§ of
H, = 7.73 ppm, ¢ of H, = 7.38 ppm, and ¢ of H, = 2.34 ppm),
with only a slight remaining signal for tosyl protons at Ce (6 of
H, = 7.47 ppm, ¢ of Hy, = 7.11 ppm, and ¢ of H. = 2.28 ppm)
(Fig. S20 and S21, ESIt). The FTIR spectra, however, reveal
negligible signals of azide and phthalimide groups, suggesting
that hydrolysis occurs instead of substitution reactions under
this condition (Fig. S24, S25 and Tables S4, S5, ESIt). Notably,
from the results, position C, is less susceptible to undergo
hydrolysis than position Ce. This insight presents a novel green
strategy towards dominant tosyl functionalisation of starch
at position C,. By exploiting NaOH-urea-surfactant media for
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starch tosylation followed by hydrolysis reactions, a C,-
preferred functionalised tosyl starch can be yielded.

Conclusions

Tosyl starch was successfully synthesised in an eco-friendly
NaOH-urea solvent with the use of surfactants for achieving
higher DSys. Elemental analysis and spectroscopic techniques
including FTIR, 'H-NMR and “C-NMR were used for the
product characterisation. The "H-NMR spectra of the tosyl pro-
ducts prepared from the NaOH-urea-surfactant solvent reveal
tosylation at hydroxyl positions C, and Ce with predominant
functionalisation at position C,. The nucleophilic displacement
(Sn) reactions of the tosyl groups in DMSO and this eco-friendly
medium were also studied and the substitutions were shown to be
successful in DMSO with predominant displacement of tosyl
groups at the least hindered site C;. However, in the NaOH-
urea-surfactant solvent, hydrolysis alternatively occurs mainly at
position Cg, leaving a significant number of remaining tosyl
groups at position C,. This notably demonstrates a green strategy
for efficient C,-regioselective starch modification by using these
aqueous media for tosylation with subsequent hydrolysis. With
the growing health and environmental concerns on using toxic
and hazardous chemicals, further research is still needed to
develop environmentally friendly techniques to accommodate
the increasing demands on future manufacturing.
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