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heterogeneous conditions yields a product 
that exhibits no pyridinium impurities.[5] 
Thus, this indirect approach is an addi-
tional hint that a reaction of the reducing 
end groups is the reason for the intro-
duction of pyridine moieties into XS. To 
get an unambiguous direct proof and 
clarify the binding situation of pyridine in 
XS, detailed NMR spectroscopic studies 
including diffusion ordered spectroscopy 
(DOSY) of XS obtained by heterogonous 
synthesis were carried out.

2. Results and Discussion

Sulfation of polysaccharides is a common tool to generate 
water-soluble and bioactive polysaccharide derivatives.[2,6–8] In 
this context, xylan sulfate (XS) commercially called pentosan 
polysulfate (PPS) is of particular interest. Unfortunately, it was 
revealed that XS obtained by heterogeneous sulfation in pyri-
dine, which is the process commercially applied by various pro-
ducers worldwide, may contain nitrogen-containing impurities 
resulting from side reactions with pyridine (Figure 1). These 
impurities may yield undesired biological activities.

For these studies, sulfation of xylan was performed in pyri-
dine applying ClSO3H as sulfating agent comparable to the 
commercial processes.[5] Two different XS samples with a 
degree of substitution (DS) of 1.49 (XS-1) and 1.74 (XS-2) 
were prepared. The XS samples were characterized by 1H- and 
13C-NMR spectroscopy. The typical signals could be assigned to 
the corresponding H- and C atoms (Figure 2).

In the 1H-NMR spectrum of XS, various signals appeared 
at chemical shifts above 8 ppm, which are not compatible with 
the structure of the sulfated polysaccharide. Typical spectra are 
shown in Figure 2. These signals appear in the spectra of both 
samples (XS-1 and XS-2) although they slightly differ regarding 
to their intensity and line width (Figure 3). Due to the use of 
pyridine in the heterogeneous synthesis, most of the downfield-
signals could be correlated to pyridinium ions. Further signals 
appear at a chemical shift around 9.3 ppm as singlets that could 
not be assigned based on the NMR spectra measured up to now.

In a further set of detailed NMR spectroscopic experiments, 
pyridinium hydrochloride was added to the XS-1 samples and 
the 1H-NMR spectrum was acquired again. The typical spectrum 
of XS-1 with additional pyridinium hydrochloride is shown in 
Figure 3b. The signals of the pyridinium hydrochloride appear 
slightly high-field shifted compared to the signals of the impurities 
discussed above. This result indicates that the impurities do not 
result from protonated pyridine ions. It turned out that the signals 
of the impurities exhibit a similar intensity ratio of 2:1:2 compared 

Xylan sulfate is an important drug to treat interstitial cystitis. Production of 
the drug by sulfation of the polysaccharide with a sulfating agent like chlo-
rosulfuric acid and pyridine–SO3 complex in pyridine may lead to products 
containing pyridine-based impurities. Xylan sulfate containing nitrogen is 
investigated by different NMR measurements in order to clarify the binding 
situation of pyridine. The detailed NMR studies allow the conclusion that the 
pyridine-based impurities are covalently bonded to the reducing end group. 
Furthermore, the NMR spectroscopic investigation indicates that the side 
reactions occur at shorter polymer chains only.

1. Introduction

Sulfated polysaccharides are important compounds in living 
organism that exhibit a number of biological functions.[1] Semi-
synthetic polysaccharide sulfates possess also promising biolog-
ical properties and may be adjusted to the function in question 
by controlling the degree of sulfation and the functionalization 
pattern.[2] The commercially produced pentosan polysulfate 
(PPS) obtained from the hemicellulose xylan is used in various 
pharmaceutical products.[3] For the synthesis of PPS, a hetero-
geneous procedure using ClSO3H and pyridine is applied. The 
SO3-pyridine complex as reactive intermediate and pyridinium 
hydrochloride are formed during the course of synthesis.[4] 
The structural purity of semisynthetic polysaccharide sulfates 
including PPS is an important prerequisite for pharmaceutical 
applications. It was described that pyridine molecules may be 
linked to the polymer in addition to the desired sulfate groups.[4] 
That pydridinium sulfate does not exist was concluded from 
UV spectroscopic studies and extraction of an aqueous solu-
tion of xylan sulfate (XS) at pH value of 10 with chloroform. It 
was assumed that pyridine is covalently linked to the reducing 
end group. This hypothesis is supported by the fact that a treat-
ment of the xylan with NaBH4 and subsequent sulfation under 
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to the pyridinium hydrochloride (Figure 3a,b). Therefore, the 
impurity may be a pyridinium moiety that might be bonded to the 
polymer chain via the nitrogen atom. The same results were found 
for XS-2. Further investigations were performed with sample XS-2 
due to the comparably lower line-width of the signals although 
sample XS-2 contains about 5% of pyridinium ions.

Previously, it could be shown that a treatment with NaBH4 
leads to a reduced xylan. Using this reduced xylan a XS (het-
erogeneous synthesis in pyridine) could be synthesized that 
possess no signals in the 1H-NMR spectra above 8 ppm.[5] By 
the treatment with NaBH4, the terminal α- or β-xylopyranose 
unit is converted into xylitol, which is linked in positon 2 to 
the polymer chain. Therefore, the non-protonated pyridinium 
impurity has to be covalently linked to the reducing end group. 
To get a closer look, a rotational nuclear overhauser effect spec-
troscopy (ROESY) measurement with selective excitation of the 
2,6-protons at 9.2 ppm was performed (Figure 4).

In the ROESY spectrum, the signals at 6.02 and 6.33 ppm 
are interesting. The proton at 6.33 ppm appears as doublet with 
a coupling constant of 1.4 Hz. The signal at 6.02 ppm is a dou-
blet with a coupling constant of 6.8 Hz. A proton shift range 
restricted HSQC shows that the proton at 6.02 ppm belongs to 
a carbon with a shift of 93 ppm and the hydrogen at 6.33 ppm 
is bonded to a carbon with a shift of 89.5 ppm (1, Supporting 
Information). These coupling- and shift data indicate that 
they belong to the anomeric positions of sugar molecules 
(6.02/93 ppm for the beta- and 6.33/89.5 ppm for the alpha 
anomer). It should be noted that the two anomer must not be 
isomers, they could have different degrees of sulfation.

For the identification of the remaining protons of the ter-
minal xylopyranose units, total correlation spectroscopy 
(TOCSY) measurements with selective excitation and var-
ious mixing times were performed. For the alpha form of 
the xylopyranose units, these experiments failed, because 
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Figure 1. Reaction scheme of the sulfation of xylan with SO3/pyridine complex in pyridine showing possible reaction products.

Figure 2. 1H- (left) and 13C-NMR spectra (right) of xylan sulfate (XS-2) with a degree of substitution of 1.74, recorded in D2O. Indications. s: sulfation 
in the corresponding position, ′ : sulfation in adjacent position, ′′ : influenced by sulfation in position 2 and/or 3, MGA – 4-O-methylglucuronic acid.
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of the weak coupling between H-1and H-2. However, a suc-
cessful TOCSY measurement of the beta anomer was possible 
(Figure 5). The excitation was performed using a selective pulse 
on the anomeric proton at 6.02 ppm. Using a mixing time 
of 25 ms, the H-2 appeared at 4.69 ppm (triplet). Applying a 
mixing time of 80 ms, the remaining protons could be identi-
fied (H-3 as triplet at 4.83 ppm, H-4 at 4.36 ppm, two protons 
bonded to C-5 at 4.58 and 4.05 ppm, for the protons in position 
4 and 5 the multiplicity could not be specified).

Another interesting fact is that the signal intensities in the 
pyridine spin system exhibit the usual deviations in the range 
of some percent. Setting the integral values for the 2,6-protons 
of the pyridinium at a value of 2, the summarized intensities 
of the anomeric protons just reached a value of 0.63 (Figure 6). 
Due to this result, the main structure of the pyridine-sub-
stituted end groups includes only around 63% of the inten-
sity expected. The exact structure of these main components 
remains unknown because of missing information about the 
sulfation pattern. A closer look at the signal of the 2,6 protons 
reveals a lot of small signals on both sides of the main signals. 
These small signals were caused by the 2,6 protons of alpha and 

beta anomer not sulfated and with different degrees of substitu-
tion (mono- and disulfated). The chemical shift of the anomeric 
protons of these different forms could be slightly different for 
each structure. Thus, the signal-to-noise ratios are too small for 
a detection of these protons.

The previously mentioned singlets at a chemical shift of 
9.3 ppm (see Figure 3) are correlated to a signal with chemical 
shift of 190.5 ppm in the HSQC spectrum indicating that they 
result from the aldehyde moieties of the reducing end groups of 
the polymer. Thus, the aldehyde and a primary hydroxyl group 
at position 5 are formed due to the oxo-cyclo-tautomerism. The 
hydroxyl group at C-5 formed by the ring opening could also be 
sulfated during the lifetime of the oxo-form. This sulfation reac-
tion prevents the back reaction caused by oxo-cyclo-tautomerism 
into the hemiacetal. As a result, an enrichment of the aldehyde 
moiety is possible. The aldehyde formation is another path of 
modification of the reducing end group and competes with the 
reaction with pyridine. In the 1H-NMR spectrum, the signals 
of the aldehyde appear as sharp singlets and not as doublets 
as expected. The reason may be a proton-deuterium-exchange 
in position 2. Both CH-acidity and keto-enol tautomerism can 
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Figure 3. Area of low-field proton signals in the a) 1H-NMR spectra of xylan sulfate XS-1, b) XS-1 with pyridinium hydrochloride added, and c) XS-2.

Figure 4. a) 1H-NMR spectrum of xylan sulfate XS-2 and b) selective ROESY-NMR spectrum of XS-2 after selective excitation of the signal at 9.14 ppm (→).
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be responsible for this process and the remaining coupling 
between the aldehyde proton and the deuterium atom at C-2 
could be very small.

Moreover, DOSY measurements can give additional valu-
able information. The diffusion coefficient is dependent on the 
concentration and the molecular size and consequently on the 
number average of the molecular weight (Mn). For our investiga-
tions, the concentration dependence of the diffusions coefficient 
was not relevant, because we want to get a qualitative statement 
of the diffusion coefficient only. In Figure 7, the DOSY spec-
trum of XS-2 is shown. The values of the diffusion coefficients 
of the xylan signals are in the range of 1 × 10−10 m2 s−1. The 
values for aldehyde and pyridinium appear significantly higher 
at D = 1.318·10−10 m2 s−1 (for comparison, a free pyridinium ion 
appears at a value of 5.011·10−10 m2 s−1 and water appears at D = 
1.584·10−9 m2 s−1). This finding indicates that the aldehyde and 
the pyridinium are linked to macromolecules with the low Mn, 
which belongs to the normal M distribution (Ð). Obviously, the 

reducing end groups of the larger macromolecules cannot react 
in the sulfation reaction under these conditions.

More information could be obtained from the Stejskal-Tanner 
plot.[9–11] In a simple form, the plot is based on the following 
equation (further information given in Supporting Information):

I q

I
Dqln

( )

0







= −  (1)

with q g
3

2 2 2γ δ δ= ∆ −





q is a product of natural constants, experimental diffusion 
parameters, and a variable space-dependent magnetic field 
gradient, D is the diffusion coefficient, I(q) is the integral of a 
NMR signal depending on q and I0 is the intensity at q = 0. In a 
Stejskal–Tanner plot with logarithmic intensity scale, the mono-
exponential decay of a defined molecule appears as a linear 
slope while a polymers multiexponential decay will be visible 
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Figure 5. a) 1H-NMR spectrum of xylan sulfate XS-2 in comparison to the corresponding selective TOCSY-NMR spectra recorded with different mixing 
times of b) 25 ms and c) 80 ms.

Figure 6. Integral intensity in the 1H-NMR-spectra of the impurity of XS-2.
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as curved function depending on the shape and width of Ð. In 
Figure 8 the Stejskal–Tanner plots are shown for the signals of 
aldehyde, pyridinium (2,6-protons), XS (near H-4 and H-5b), 
and water. The water included in the sample results from the 
NMR solvent containing traces of water, however, mainly from 
water included in the polymer sample. As expected, XS has 
the lowest diffusion coefficients, that is, XS is the most slowly 
moving component. For small q-values, water, as the smallest 
molecule, has the steepest negative slope, but with increasing 
the q-values, the diffusion properties of water approach those 
of XS. Due to a small overlapping of the water signal with 
the signal of H-3s this second diffusion behavior of the water 
signal results partly from the influence of the polymer peak, 
but also from the solvation shell of XS. Furthermore, aldehyde 
and pyridinium are diffusing with the same velocity, but they 
exhibit significantly higher diffusion coefficients compared to 
XS. From the spin-echo-decay of the XS and the water, a dis-
tribution function of the diffusion coefficient can be calculated 

using the inversion of the Laplace transformation (Figure 9). In 
Figure 9 the distribution of the diffusion coefficients of XS and 
water are shown.[12,13] The left part of the diffusion coefficient 
distribution of the water signal is partly caused by the already 
mentioned overlapping of the water signal and the signal of 
H-3s. Nevertheless, based on the results, it is revealed that two 
types of water are present and that the distribution of hydration-
linked water (the small left peak) has a great similarity with the 
XS distribution. Unfortunately, there is no simple way to get Ð 
from the distribution of diffusion coefficients.

In principle, the integrals of the 1H-NMR spectra could be 
used for the determination of Mn of polymers. In case of XS, 
there are three different end groups present, namely the alde-
hyde resulting from the sulfation in position 5, the pyridinium 
moiety, and the unmodified one. The integrals of the aldehyde 
and pyridinium moieties are definable from the proton spec-
trum. The signals resulting from the unmodified xylopyranose 
end group are not available, because of the similar chemical 

Figure 7. DOSY-NMR spectrum of xylan sulfate (XS-2).
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shift compared to the polymer backbone. Using an inde-
pendent experimental method for the determination of Mn, the 
percentage ratio of the different end groups is accessible. Size 
exclusion chromatography (SEC) of XS-2 (DS 1.74) exhibits a 
degree of polymerization (DP) of 16. From the analysis of the 
DOSY measurements, it is known that the larger polymer 
chains do not react with the pyridine. Therefore, the sum of 
the integral intensities of the aldehyde and pyridinium moie-
ties gave a kind of upper limit of the degree of polymerization 
(DPUL) according to the following equation:

I

I I
DPUL

Bulk

Ald Pyr

=
+

 (2)

IBulk is the halved integral of signals relating to proton H-4 
and H-5b around 4 ppm. IAld and IPyr represent the integral 
intensities of the aldehyde modified in position 5 and of one 
proton of the pyridinium moiety. According to Equation (2), the 
DPUL exhibits a value of 38. The real DP of the polymer could 
be calculated as follows:

I

I I I
DP Bulk

Ald Pyr Xyl

=
+ +

 (3)

If one or more protons of the xylopyranose end group have 
a chemical shift in the same range of Ibulk, the value of Ibulk 
could be slightly increased (in case of all six protons of the end 

Figure 8. Stejskal–Tanner plot of spin-echo-decay of the components contained in XS-2. The intensity is plotted versus the strength of the field gradient 
(g). To show the course of the diffusion coefficients, a biexponential fit-function according to the Stejskal–Tanner equation was used.

Figure 9. Plot of the diffusion coefficient distribution of the components contained in sample XS-2.
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group this range is max. 10%). However, from Equations (2) 
and (3), the experimentally inaccessible value of IXyl is acces-
sible according to the following equation:

I
I I

DP DP
Xyl

Bulk Bulk

UL

= −  (4)

The calculation exhibits that 55% of the polymer chains 
carries a pyridinium-modified end group. 22% exhibit an alde-
hyde resulting from a sulfation of position 5 and 23% of the 
polymer chains remain unmodified. This result indicates that 
the main part of the XS forms the pyridinium salt at the end 
group under the reaction conditions applied.

3. Conclusions

For the first time an analytical proof for the binding situa-
tion of pyridine is given that is usually found in xylan sulfates 
obtained by a heterogeneous sulfation of xylan in pyridine with 
chlorosulfonic acid (SO3-pyridine complex). The pyridine sig-
nals belong to pyridinium ions that are linked to a carbon. Var-
ious NMR spectroscopic methods including selective ROESY, 
TOCSY, and DOSY measurements verify that the pyridinium 
is covalently linked to the reducing end groups of the xylan 
sulfate. Calculation of the ratio of the different end groups 
exhibit that the main part of the polymer chains are modified 
by a pyridinium moiety. Regarding the use of xylan sulfate in 
pharmaceutics, structurally pure xylan sulfate is highly desired 
that may be produced by excluding pyridine applying a homo-
geneous reaction in solvents like N,N-dimethyl acetaminde/
LiCl, for example.

4. Experimental Section
Materials: All solvents and reagents were obtained from Sigma Aldrich 

and used without further purification. Deuterium oxide (99.9%) for the 
NMR measurements were purchased from Deutero GmbH (Kastellaun, 
Germany). Xylan from beech wood was provided by bene pharmaChem 
GmbH & Co. KG (Geretsried, Germany).

Methods and Measurements: Xylan sulfate (XS) was synthesized 
and characterized as descripted in previous work.[5] All NMR 
measurements of xylan derivatives were recorded at 24 °C in deuterium 
oxide with a Bruker Avance III 400 MHz spectrometer. 1H-, 13C-, and 
TOCSY experiments were performed with a sample concentration of 
60 mg mL−1. For the DOSY-NMR measurements, a concentration of 
40 mg mL−1 was used; a diffusion time (Δ) of 119.9 ms and gradient 
pulse duration (δ) of 8 ms were used. For the DOSY experiments, 
magnetic field gradient strength (g) was varied in the range from 0.01 
to 0.48 T m−1. Size exclusion chromatography (SEC) was performed 
on a JASCO system (isocratic pump PU-980, RI-930 refractive index 
detector) with a Novema 3000 and a Novema 300 column in series. A 
0.1 m NaNO3 aqueous solution with 0.05 wt% NaN3 was used as eluent 
(70 °C, flow rate: 0.5 mL min−1) and pullulan as calibration standard 
(342–710 000 g mol−1).
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