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Introduction
The properties of chemically functionalized polysacchar-
ides can be substantially influenced by the substitution
pattern. Therefore, it is a very important question in poly-
saccharide chemistry to develop synthetic pathways for
regioselectively functionalized polysaccharides and to
improve the structural characterization of such polysac-
charide derivatives directly at the macromolecule. During
recent years, progress has been made in the field of cellu-
lose chemistry.[1–6] In comparison, analogous investiga-
tions on the industrially important biopolymer starch
have been relatively rare.

In previous papers on cellulose functionalization, the
polymer-analogous silylation has been proved to be a
very useful reaction on a laboratory scale. It proceeds
easily under mild conditions and with high regioselectiv-
ity by use of bulky alkyl residues in the silylating
agents.[7–9] Moreover, various subsequent reactions can
be carried out at the free hydroxyl groups. With respect to
the protecting-group technique, silylated hydroxyl groups
can also be regenerated with tetrabutylammonium fluor-
ide under mild conditions.

From the silylation of low molecular weight and oligo-
meric carbohydrate chemistry, especially by using silylat-
ing agents with bulky alkyl residues, the preferred silyla-
tion of primary hydroxyl groups is well-known, too.[10, 11]

But, also, the choice of the reaction medium and the reac-

Full Paper: Reaction of starch 1 dissolved in dimethyl
sulfoxide (DMSO) with bulky thexyldimethylchlorosilane
(TDSCl) in the presence of pyridine leads to regioselec-
tively functionalized silyl ethers with a degree of substitu-
tion (DS) up to 1.8. The control of the DSSi, of the regios-
electivity, and of the reaction pathway is described in
detail. The reaction proceeds homogeneously up to DSSi

of 0.6. With ongoing silylation the polymers form a sepa-
rate phase incorporating the silylating agent to form TDS-
starches with DSSi values higher than 1.0. After peracety-
lation of the silyl starches, the substitution pattern has
been characterized not only in the anhydroglucose repeat-
ing units (AGU) but also in the non-reducing terminal end
groups (TEG) by means of two-dimensional 1H NMR
techniques. Up to DSSi 1.0, a very high regioselective
functionalization of the primary 6-OH groups in the AGU
as well as in the TEG is detectable. With increasing silyla-
tion (DSSi A 1.0), the subsequent silylation takes place at
the 2-OH groups of the AGU and at the 3-OH groups of
the TEG. These results are compared with our own inves-
tigations on the silylation of starch in the reaction system
N-methylpyrrolidone (NMP)/ammonia and on the silyla-
tion of cellulose in N,N-dimethylacetamide (DMA)/LiCl/
pyridine solution.
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tion conditions can differentiate the preferred silyla-
tion.[11, 12] In the case of polymer-analogous reactions on
polysaccharides, the polymer solubility, the accessibility
of functional groups, and phase and conformation state of
the polysaccharide play a more critical role during reac-
tion. Additionally, the characteristic features of native
starches containing the polymers amylose and amylopec-
tin (Scheme 1) are very important. Whereas amylopectin
is high molecular weight and branched, the amylose
shows essentially lower molecular weights and nearly no
branching.[13] Depending on the plant origin, the amylose
content is between 20 and 25% for most native starches.

The present study is directed to the silylation of native
starch with the bulky silylating agent thexyldimethyl-
chlorosilane (TDSCl) in the classic starch solvent
dimethyl sulfoxide (DMSO).[14, 15] Under variation of the
reaction conditions, the TDS ethers of starch could be
synthesized with high regioselectivity and characterized
by means of 1H NMR spectrometry. Not only the substi-
tution pattern in the anhydroglucose units (AGU), but
also the significant amounts of non-reducing terminal end
groups (TEG), show regioselective distributions of the
silyl groups.

Experimental Part

Materials

Different maize starches (Hylon VII, Amioca Powder, and
Normal Maize Starch) from National Starch & Chem. were
used as starting polymers. All starch materials were dried
under vacuum over potassium hydroxide at 1008C and
0.1 torr for 1 h. TDSCl from ABCR (Karlsruhe, Germany)
was used as supplied. All syntheses were carried out under
anhydrous conditions.

Measurements

The one- and two-dimensional NMR spectra were measured
on a 400-MHz spectrometer (DRX 400, Bruker) with Bruker
standard pulse programs and processed with Bruker software
package XWINNMR in CDCl3 at 508C. The COSY experi-
ment (1H/1H correlated spectrum) was performed with a dou-
ble quantum filter for an effective suppression of singlets.
The DSSi (EA, elemental analysis) values were calculated

from silicon-contents estimated gravimetrically,[16] the DSSi

(NMR) values from 1H NMR spectra of the peracetylated
TDS-starches.

Silylation of Starch (1) in DMSO/Pyridine

Starch 1 was dissolved in DMSO (4–12%, w/v) by heating
for 2 h at 808C. Then, pyridine (2.0 mol N (mol TDSCl)–1)
was added. Different amounts of silylating agent (0.6–6.0
mol N (mol AGU)–1, Table 1) were slowly dropped to the stir-
red solution. The reaction mixture was kept for 20–40 h at
room temperature. In the case of 2e and 2f, the mixture was
heated additionally at 1008C (see Table 1). After cooling, all
solvents were poured off, the crude polymer product was
suspended in water or alcohol, washed, and air-dried. After
dissolution in tetrahydrofuran (THF), the silylated starches 2
were reprecipitated in alcohol, washed and dried under
vacuum up to 1008C. For characterization of the polymers
see Table 1.

Acetylation of Silylated Starches (2) in THF/Pyridine

The starch silylethers 2 were dissolved in THF (7%, w/v).
Then, pyridine (5.0 mol N (mol acetic anhydride)–1), catalytic
amounts of 4-N,N-dimethylaminopyridine and acetic anhy-
dride (4.0 mol N (mol AGU)–1) were added while the mixture
cooled slightly. The mixture was heated at 508C for 7 h.
After cooling to room temperature, the product was precipi-
tated in methanol, washed, and dried under vacuum up to
1008C. 1H NMR characterization of the polymers is pre-
sented in Table 2 and Figure 2 and 3.

Results and Discussion
Starch 1, dissolved in DMSO, was silylated in the pre-
sence of pyridine with different amounts of TDSCl at
room temperature (Scheme 1 and Table 1). The reaction
proceeds homogeneously up to a DSSi of 0.6. During
further silylation, the silylated starches precipitate visc-
ously without further dissolution in the reaction medium,
also by increasing temperature. A similar behavior was
observed by the silylation of starch with tert-butyldi-
methylsilyl chloride (TBDMSCl).[12] But the silylation
using TDSCl shows higher regioselectivity. Therefore,
only it will be discussed in this section.

Scheme 1. Silylation of starch 1 dissolved in DMSO with bulky thexyldimethylchlorosilane
(TDSCI) in the presence of pyridine. For reaction conditions and DSSi values see Table 1. AGU:
anhydroglucose units, TEG: non-reducing terminal end groups.
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Table 1 summarizes the DSSi values of TDS-starches 2.
Well-defined DSSi are attained by adjusting the amount of
silylating agent as well as the reaction temperature. For
example, silylation at room temperature using 0.6 to
1.4 (mol TDSCl) N (mol AGU)–1 the silylated starches
2a–2d with DSSi values in the range of 0.6 to 1.3 were
obtained. With respect to these silylation conditions, the
reaction proceeds in this range of TDSCl equivalents
nearly quantitatively. On the other side, the silylated
starch 2e, DSSi 1.7, shows, in spite of 2.5 (mol
TDSCl) N (mol AGU)–1 and continuous high reaction tem-
peratures (1008C), a much lower degree of silylation with
respect to the used equivalents of TDSCl. A further
increase of functionalization could not obtained using an
excess of even 6.0 (mol TDSCl) N (mol AGU)–1 (2f, DSSi

1.8) (Figure 1). The synthesized TDS-starches 2a–2f are
soluble in aprotic solvents. For instance, TDS-starch 2a,
DSSi 0.6, is soluble in polar solvents such as DMSO, N-
methylpyrrolidone (NMP) or N,N-dimethylformamide
(DMF). With increasing DS values the TDS-starches dis-
solve in non-polar solvents; e.g., TDS-starch 2f, DSSi 1.7,
is soluble in THF, chloroform, toluene, and hexane.

To elucidate the substitution pattern of the TDS-
starches 2, 1H NMR spectroscopy was used after perace-
tylation of the OH groups in the glucan chains. The pera-
cetylation of 2 was carried out in THF with acetic anhy-
dride/pyridine using catalytic amounts of 4-N,N-dimeth-

ylaminopyridine. The DSSi values of the peracetylated
silylated starches 2, calculated by 1H NMR spectroscopy,
are in good agreement with the results using elemental
analysis (Table 1). The peracetylation is of great impor-
tance for the NMR analysis. First of all, the lack of free
OH groups prevent an aggregation of the glucan chains
by hydrogen bonding and the mobility of the single-chain
segments of amylose and amylopectin in solution is
increased. 2-wt.-% solutions of peracetylated TDS-
starches 2 in chloroform show almost no increase in vis-
cosity. Therefore, a remarkable low linewidth of proton
signals has been observed (Figure 2, part a). Furthermore,
the acetyl substituents induced a significant down-field
shifting of the methine and methylene protons (H-2, H-3,
H-6a and H-6b) of the AGU.[7, 17] For this reason, the pro-
ton signals expand along the ppm scale. In summary, the
spectral resolution is improved, and by using two-dimen-
sional NMR techniques unambiguous evidence of the
substitution pattern in the AGU can be obtained.

Figure 2b and Figure 3 show a typical two dimensional
NMR-COSYDQF spectrum of the peracetylated TDS-
starch 2d, DSSi 1.3. The crosspeaks assign the couplings
between methine and methylene protons of the AGU (Fig-
ure 2). Further crosspeaks with relatively high intensity
are detectable (Figure 3). These signals have to be
assigned to structures of the TEG of the branched amylo-
pectin (compare Scheme 1). With 4–5% branching, starch
contains a high amount on TEG.[13] From our own investi-
gations on peracetylated starches by means of 1H NMR
spectroscopy, it is known that these TEG are more flexible
than the rigid AGU in the glucan chain.[18] Caused by the
higher mobility of the TEG, the transversal magnetization
of these methine and methylene protons decreases much
more slowly. The linewidths (1–2 Hz) of the signals are
only slightly larger than those known for other low mole-
cular weight carbohydrates. Therefore, the crosspeaks of
the TEG appears with sufficiently high intensity in the
NMR-COSYDQF spectrum. In summary, the TDS-
starches 2 prepared in DMSO/pyridine can be analyzed
not only in view of the regioselectivity of silylation in the
AGU, but also with regard to the TEG of amylopectin.

Table 1. Degree of silyation (DSSi) of TDS-starches 2 as function of reaction conditions.

Starch silylether TDSCI

mol N ðmol AGUÞÿ1

Reaction conditions DSSi

EAa) NMRb)

2a 0.6 20 8C, 24 h 0.6 0.5
2b 0.9 20 8C, 24 h 0.9 0.9
2c 1.2 20 8C, 40 h 1.1 1.0
2d 1.4 20 8C, 20 h 1.3 1.2
2e 2.5 20 8C, 20 h; 100 8C, 16 h 1.7 1.6
2f 6.0 20 8C, 20 h; 100 8C, 14 h 1.8 1.7

a) DSSi calculated from elemental analysis (EA) using Si content.
b) SSi calculated from 1H NMR spectra after peracetylation.

Figure 1. Degree of silylation (DSSi) of TDS-starches and its
dependence on the amount of TDSCl during silylation in
DMSO/pyridine.
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The chemical shifts of H-1, H-2, and H-3 methine pro-
tons in the AGU [2,3-OAc-6-OTDS] of the peracetylated
TDS-starch 2c, DSSi 1.1, are in agreement with the signals
of peracetylated amylose at 5.27 (H-1), 4.67 (H-2), and
5.34 ppm (H-3) (Table 2).[19, 20] The TDS-starch 2c is
almost completely functionalized with TDS groups at the
6-O position. A lack of silylation on the primary hydroxyl
groups of the AGU would be induce a significant down-
field shifting of the methylene protons to 4.45 ppm (H-
6a) and 4.27 ppm (H-6b) due to the corresponding per-
acetylation. In this frequency area, no significant signals

could be detected (spectra not shown). That means, the
silylation of starch in DMSO/pyridine with bulky TDSCl
at low temperatures takes place firstly at the primary OH
groups. Using equimolar amounts of silylating agents, an
almost complete regioselectively substituted 6-O-TDS-
starch (2b and 2c), DSSi 0.9–1.1, can be obtained (Table
1 and 2).

With increasing amount of TDSCl, the 2-OH groups
are silylated in the described reaction system. The signifi-
cant high-field shifts of the proton signals at 4.99 ppm
(H-1) and 3.48 ppm (H-2) are typically for this AGU [3-

Figure 2. 1H NMR spectrum (a) and [1H,1H]-COSYDQF-NMR spectrum (b) of per-
acetylated TDS-starch 2d: assigned crosspeaks of the AGU [2,3-OAc-6-OTDS] and
the AGU [3-OAc-2,6-OTDS] (methine and methylene protons are underlined).
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OAc-2,6-OTDS]. The peracetylated silyl starch 2d, DSSi

1.3, represents a copolymer of [2,3-OAc-6-OTDS] and
[3-OAc-2,6-OTDS]. Both structures are clearly detected
in the two-dimensional NMR-COSYDQF-spectrum of
peracetylated TDS-starch 2d (Figure 2, Table 2).

The TDS-starch 2c – prepared using 1.2 (mol
TDSCl) N (mol AGU)–1 – yields the complete silylation of
the 6-OH groups and additional 10% of silylated second-
ary groups. In the case of TDS-starch 2d – silylation
with 1.4 (mol TDSCl) N (mol AGU)–1 – this amount is
further increased up to 25%. These partial DSSi values at
the 2-O position were estimated from 1H NMR spectro-
scopy. The results are in agreement with the total DSSi of

the peracetylated silyl starches 2c and 2d calculated by
elemental analysis, if a total silylation of the 6-OH group
had been predicted.

But with increased silylation of the 2-OH groups, the
linewidths of the signals of the methine and methylene
protons are increased clearly in the NMR spectra of the
silyl starches 2e and 2f. Due to the fast decay of the
transversal magnetization, two-dimensional NMR techni-
ques are not useful for peracetylated TDS-starches with
DSSi A 1.3. But, a comparison of the 1H NMR spectra of
the peracetylated TDS-starches 2e, DSSi 1.7, and 2f, DSSi

1.8, with the peracetylated TDS-starches 2c, DSSi 1.1,
and 2d, DSSi 1.3, allows an explicit statement on the

Table 2. 1H NMR data of TDS-starches 2 after peracetylation.

Structural units of peracetylated
TDS-starches 2a–2f

d
aÞ

ppm

H-1 H-2 H-3 H-4 H-5 H-6a H-6b

AGU [2,3-OAc-6-OTDS] 5.27 4.66 5.37 3.82 3.72 4.01 3.77
AGU [3-OAc-2,6-OTDS] 4.99 3.48 5.32 3.74 4.02–3.70
TEG [2,3,4-OAc-6-OTDS] 5.30 4.77 5.31 5.19 3.88 3.72 3.64
TEG [2,4-OAc-3,6-OTDS] 5.29 4.56 4.05 5.07 3.74 3.65 3.54

a) All spectra were recorded in CDCl3 at 50 8C.

Figure 3. [1H,1H]-COSYDQF-NMR spectrum of peracetylated TDS-starch 2d:
assigned crosspeaks of the TEG [2,3,4-OAc-6-OTDS] and the TEG [2,4-OAc-3,6-
OTDS] (methine and methylene protons are underlined).
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regioselectivity of silylation. Especially, the difference of
the chemical shift of the peaks of the H-1 and H-2
between the [2,3-OAc-6-OTDS] and [3-OAc-2,6-OTDS]
AGU indicates an increase of functionalization on the 2-
OH groups with increased DSSi (Table 2). Furthermore,
the 13C NMR spectrum of peracetylated TDS-starch 2f in
CDCl3 (data not shown) gives only a single carbonyl sig-
nal (169.6 ppm) typically assigned for the 3-O bounded
carbonyl groups of amylose triacetate.[19] Generally, no
proof for silylation of the 3-OH groups of the AGU was
detected in the 1H NMR spectra of the peracetylated
TDS-starches 2a–2f. Unfortunately, a complete silyla-
tion of the 2-OH groups in the AGU could not be realized
under these conditions. The maximal degree of functiona-
lization amounts DSSi 1.8 (Figure 1); in other words,
TDS-starch 2f contains 20% free 2-OH groups in the
AGU.

Comparing with the regioselective silylation of the
AGU, the silylation of the TEG of starch with TDSCl in
the solvent system DMSO/pyridine proceeds in a differ-
ent way. Both in the AGU and in the TEG, the silylations
starts with high regioselectivity at the 6-O position. If the
primary OH group of the TEG is functionalized comple-
tely, the silylation takes place exclusively at the 3-OH
groups (Figure 3). In the COSYDQF-NMR spectrum of
the peracetylated TDS-starch 2c, DSSi 1.1, mainly the
TEG [2,3,4-OAc-6-OTDS] was identified (spectrum not
shown). With increased silylation, the amount of the TEG
[2,4-OAc-3,6-OTDS] is also increased, as could be
proved with the peracetylated TDS-starch 2d, DSSi 1.3,
(Figure 3). Any further substitution pattern of the TEG
was not detectable.

The significant down-field shifts of the methine proton
H-4 at 5.19 ppm as well as 5.07 ppm are typical for the
described structures of the TEG (Figure 3, Table 2).
Furthermore, the methylene protons H-6a (3.72 ppm) and
H-6b (3.64 ppm) of the TEG [2,3,4-OAc-6-OTDS] as
well as H-6a (3.65 ppm) und H-6b (3.54 ppm) of the
TEG [2,4-OAc-3, 6-OTDS] showed a higher high-field
shift than the methylene H-6a (4.01 ppm) and H-6b
(3.70 ppm) of the AGU [2, 3-OAc-6-OTDS]. A further
consideration of the signals H-6a and H-6b of the sily-
lated 6-OH group of the TEG and of the AGU show that
the chemical shifts of these diastereomeric protons varies
in significant differences between H-6a und H-6b:
0.1 ppm at the TEG and 0.3 ppm at the AGU. In Figure 3,
the crosspeaks of both substitution patterns in the TEG of
peracetylated TDS-starch 2d, DSSi 1.3, are characterized.
By selective excitation of the methine proton H-4 at
5.19 ppm and 5.07 ppm, respectively, a 1D-TOCSY-
NMR spectrum of the TEG [2,3,4-OAc-6-OTDS] as well
as of the TEG [2,4-OAc-3,6-OTDS] are available (Figure
4).[9]

In contrast, the silylation of starch with TDSCl in the
reaction system NMP/ammonia proceeds both within the

glucan chain (AGU) as well as at the chain ends (TEG)
exclusively at the 6-OH groups, also with an excess of
the silylating agent.[21]

A comparison of the results of the silylation of starch
with the results of the homogeneous silylation of cellu-
lose with TDSCl in DMA/LiCl/pyridine shows remark-
able differences in the regioselectivity of functionaliza-
tion at comparable DS values of 1.0. Whereas, the TDS-
starch 2c, DSSi 1.1, has nearly no non-substituted AGU,
TDS-cellulose, DSSi 1.05, has about 10% non-substituted
AGU and about 15% 2-O silylation.[8]

Conclusion
In the solvent system DMSO/pyridine, native starches
were functionalized with bulky silylating agents such as
TDSCl up to a maximum of DSSi 1.8, independent of the
amylose/amylopectin content. The DSSi of silylated
starches could be regulated by the choice of reaction con-
ditions. The regioselectivity of the silylation with TDSCl
was analyzed using 1H NMR spectroscopy after peracety-
lation of the TDS-starches. Up to DSSi 1.0, a very high
regioselective functionalization of the primary 6-OH
groups in the AGU as well as in the TEG is detectable.
With increasing silylation with TDSCl in DMSO/pyridine
(DSSi A 1.0), the 2-OH groups in the AGU and the 3-OH
groups in the TEG are further silylated.

The different substitution pattern of silylation of the
secondary OH groups of the AGU and the TEG of the
TDS-starches 2d–2f was surprising. In carbohydrates
generally the 2-OH group has a higher reactivity than the
3-OH group as a result of its nearness to the glycosidic
linkage. Furthermore, to explain the incomplete silylation
of the 2-OH group in the reaction medium DMSO/pyri-
dine is not simple. In our opinion, the phase separation
during the functionalization has a significant influence on
this polymeranalogous reaction. During the aggregation
of the silylated starch, the direct local concentration of
reagent at the polymer backbone increases. The changed
solvation in that phase could be responsible for an
increased accessibility and acidity of the 3-OH group in
the TEG. Further influencing factors on the regioselectiv-
ity of silylation both in the AGU and the TEG are the
conformational effects determining by the a-glycosidic
linkages. In DMSO, starch develops its typical helical

Figure 4. 1D-TOCSY-NMR spectrum of peracetylated TDS-
starch 2d. Selective excitation at 4.56 ppm shows the TEG
structure [2,4-OAc-3,6-OTDS].
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structure again.[13] The (1,4)-a-glycosidic linkage in the
glucan chains and the hydrogen bonding between 2-OH
and 3-OH groups of neighboured AGU by inclusion of
the dipolar-aprotic DMSO solvent molecules are respon-
sible for that conformation in solution.
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