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Abstract

Three hydroxypropylmethyl celluloses (HPMC 1, 2, 3; DSy =2.06, 1.99, 2.04; MSyp=0.21, 0.19, 0.21)
have been analyzed with respect to their methyl and hydroxypropyl pattern in the glucosyl units and along
the polymer chain. The determination of the methyl pattern in the glycosyl unit was performed by GLC/MS
after hydrolysis, reduction, and acetylation, while the distribution of hydroxypropyl residues in the
monomers could be analyzed with higher sensitivity including a permethylation step prior to hydrolysis. To
determine the distribution of the substituents along the polymer chain, a method developed for hydroxy-
ethylmethyl cellulose (HEMC) was applied. This method comprises random partial acid hydrolysis after
perdeuteromethylation and reductive amination with propylamine, followed by N- and O-alkylation,
yielding completely alkylated and permanently charged oligosaccharide derivatives. These compounds
could be quantitatively analyzed by means of matrix-assisted laser desorption ionization time-of-flight mass
spectrometry (MALDI-TOF-MS), since all discrimination effects related to the hydroxyalkyl groups are
leveled off by the sample preparation procedure in combination with the choice of a MALDI-TOF
instrument. Methyl data deviate to some extent from the random distribution calculated from the monomer
composition, but in contrast to methyl cellulose (MC) or HEMC, it is not heterogeneous, but more regular.
The distribution of HP groups is random within experimental error as has been found for HEMC as well.

Introduction influenced by cooperative effects as chain—chain

interactions, e.g. in thermoreversible gelation.

The amount and the distribution of substituents in
a polysaccharide derivative strongly influence the
physicochemical properties and biological func-
tions. While location on certain positions in the
glycosyl units might be essential in molecular rec-
ognition processes, the distribution on the struc-
tural level of the polymer molecules is of
predominant importance for all properties

Methods to determine the substituent distribution
in the glucosyl units of starch and cellulose deriv-
atives are well established. NMR spectroscopy
(Tezuka and Tsuchiya 1995), chromatographic
(Erler et al. 1992; Heinrich and Mischnick 1997,
Horner et al. 1999; Adden et al. 2005) and elec-
trophoretic (Lazik et al. 2002) separation of
appropriate  monomer derivatives have been
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applied successfully. Analysis of the substituent
distribution along the polymer chain is very chal-
lenging. Only very recently, a method for hy-
droxyethylmethyl cellulose (HEMC) has been
reported by our group (Adden et al. 2005). It
combines a statistical approach, which has been
applied to more simple polysaccharide derivatives
before (Arisz et al. 1995; Mischnick and Kiihn
1996; Mischnick and Hennig 2001) with an
appropriate labeling procedure. This procedure
allows quantitative evaluation of matrix-assisted
laser desorption ionization time-of-flight mass
spectra (MALDI-TOF-MS) of oligomeric features
representing the mixed cellulose derivative. An-
other approach uses enzymes as selective tools in
combination with glucose determination, size
exclusion chromatography and mass spectrometry
of oligomeric products obtained (Mischnick 2001;
Altaner et al. 2003; Tiiting et al. 2004a; Mom-
cilovic et al. 2005). Progress in this field has been
achieved by using sophisticated MS instruments in
particular tandem MS methods (Tiiting et al.
2004b; Adden and Mischnick 2005; Momcilovic
et al. 2005).

Hydroxypropylmethyl cellulose (HPMC) is
commercially produced by reaction of alkali cel-
lulose with racemic methyl oxirane and methyl
chloride usually present at the same time in a
heterogeneous process. The resulting polymer
consists of glycosyl units substituted in position 2,
3 or 6 either with methyl or 2-hydroxypropyl, the
latter additionally occurring in an O-methylated
or, which is more rarely, in an O-hydroxypropy-
lated form. HPMC is widely used for building
materials, as food additive, and in cosmetical or
pharmaceutical products, because of its properties
as a water-soluble thickener or as regulator for
controlled drug-release. Unfortunately, cellulose
ethers of the same specification but from various
batches often show different properties e.g. in
clouding point, or drug release profiles when used
in tablet coatings. Improved understanding of the
relation between production process, structural
features, and properties will help to solve these
problems and give ideas for new applications. The
monomer composition of mixed cellulose ethers
including hydroxyalkyl substituents as in HPMC
is very complex. Without regarding tandem reac-
tion already 4° =64 different patterns in the
glucosyl units are possible. Ethylhydroxyethyl
celluloses (EHEC) have been analyzed by Lind-

berg (Lindberg et al. 1987, 1988), analysis of
HPMC by GLC-MS after preparation of glucitol
derivatives has already been described briefly by
our group (Mischnick 1998). Due to the hydroxyl
function of the HP residue, each chemical trans-
formation of remaining polysaccharide OH will
also involve the substituent OH. Therefore, the
mass difference of 58 Da/HP-group is retained
and chemical uniformity as required for quanti-
tative MS cannot be achieved. We therefore
focused on leveling off the influence of substitu-
ents by labeling all analytes with an ion signal
intensity-enhancing tag. It has been shown for
HEMC that introduction of a permanent charge
and analysis of the oligomeric mixture by MAL-
DI-TOF-MS is sufficient to overcome all dis-
criminating effects, thus allowing quantitative
evaluation (Adden et al. 2005). Here we present
our results obtained for HPMC.

Experimental
General

All reagents were of highest purity available and
purchased from Fluka, Aldrich or Merck. Mel-d;
was purchased from Deutero, Kastellaun, Ger-
many, the HPMC were obtained from Wolff
Cellulosics, Walsrode, Germany.

Instrumental

Electrospray ionization mass spectra (ESI-MS,
positive mode) were recorded on an Esquire LC
(Bruker Daltonics, Bremen, Germany). The par-
tially degraded samples were dissolved in MeOH,
and introduced directly via a syringe at a flow of
200 ul/h. Nitrogen was used as drying gas (4 1/min,
300 °C) and as nebulizer gas (10 psi). The follow-
ing voltages were used: capillary 4500 V, end plate
offset =500 V, capillary exit 120.0 V, skim 1
40.0 V, and skim 2 10.0 V.

Positive ion matrix-assisted laser desorption/
ionization (MALDI) mass spectrometry was car-
ried out using an ULTRAFLEX time-of-flight
(TOF/TOF) instrument (Bruker Daltonics, Bre-
men, Germany) equipped with delayed extraction
and reflectron systems and a N, laser (337 nm)
operating with 3 ns pulse width and 10’-10® W/
cm? irradiance at the surface of 0.2 mm? spots.



One ul of the samples containing equal volumes of
oligosaccharide solution (~10 pmol/ul anhydro
glucose units) and the ultraviolet-absorbing matrix
(19 mg) a-cyano-4-hydroxycinnamic acid in 400 ul
acetonitrile and 600 ul 0.1% (v/v) trifluoroacetic
acid in H,O were spotted onto the stainless steel
target and dried at room temperature (r.t.). Spec-
tra were recorded at an acceleration voltage of
25 kV using the delayed extraction facility and the
reflectron for enhanced resolution.

All reactions were carried out in 1-ml V-Vials in
a heating block with a stirring and a evaporation
unit from Barkey, GmbH & Co. KG, Germany.
IR spectra were recorded using a Bruker Tensor 27
ATR-IR.

Gaschromatographic analysis was carried out
with a GC-FID instrument Carlo Erba GC 6000
Vega Series 2 with a CPSil 8 column (25 m), a
retention gap (1.5 m), and H, as carrier gas.
Injection was carried out on-column.

The temperature program starts at 60 °C for
1 min, heats with 20 °C/min to 130 °C, and heats
again with 4 °C/min to 290 °C, remaining con-
stant for 30 min. Data were recorded with a Merck
Hitachi D 2500 Chromato-Integrator. For peak
identification GC-MS with a Agilent 6890 GC and
a JEOL GCmate II bench top double-focusing
magnetic sector mass spectrometer was applied.
The GC was equipped with a HP-5 column (30 m).
A split injection port at 250 °C was used for
sample application, and the split ratio was set at
5:1. Helium carrier gas was set to 1.5 ml/min flow
rate (constant flow mode). Transfer line was kept
at 250 °C.

The MS was operating in electron impact ioni-
zation (EI) mode at 70 ¢V with an ion source
temperature of 180 °C. Low-resolution mass
spectra were acquired at a resolving power of 650
(20% height definition) and scanning from m/z 39
to m/z 650 at 1.0 s/scan with a 0.2 s inter-scan
delay.

Sample preparation

Deuteromethylation

All samples were alkylated with Mel-d5 according
to Ciucanu and Kerek (1984) with NaOH/Mel-
ds, or according to a modified Hakomori proce-
dure (Hakomori 1964) with Li-dimsyl/Mel-d; in
DMSO. Sample cleanup was performed by
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dialysis of the reaction solution in a dialysis tube
MWCO of 12,000-14,000) against water for
several days. Yields were 95.4% (HPMC 1),
90.6% (HPMC 2) and 88.5% (HPMC 3). Com-
pleteness of the reaction was controlled by means
of ATR-IR spectroscopy.

Monomer analysis

HPMC:s (ca. 2 mg) were hydrolyzed in a 1-ml V-
Vial with 1 ml of 2 M trifluoroacetic acid for
120 min at 120 °C. After cooling to r.t., the sol-
vent was evaporated in a stream of nitrogen.
Residual acid was removed by co-distillation with
toluene. The hydrolyzed sample was reduced with
a solution of 0.5 ml of 0.25 M NaBD,in 2 M NH;
at 60 °C for 120 min. After cooling to r.t., the
solution was co-evaporated at 40 °C with 15%
methanolic acetic acid in a stream of nitrogen to
remove borate as its methyl ester.

After reduction, the residue was dissolved in
50 ul of pyridine, and 200 ul of acetic anhydride
was added to acetylate the sample at 90 °C for 3 h.
Saturated NaHCO; solution was added to the
mixture and stirred until CO,-formation ceased.
Then the products were extracted four times with
dichloromethane. The combined organic layer was
first washed two times with saturated NaHCO;
solution, once with cold 0.1 M HCI, once with
water, and then dried over CaCl,. After filtration,
the solvent was removed at a rotary evaporator.
Solution of the residue in 4 ml of CH,Cl, was used
for GLC/FID and GLC/MS analysis.

For analysis of the hydroxypropyl pattern the
same procedure was performed after deuteroper-
methylation of HPMC:s.

Oligomer analysis

The deuteromethylated HPMCs (3 mg) were par-
tially hydrolyzed in a 1-ml V-Vial with 1 ml 2 M
trifluoroacetic acid for 15 min at 120 °C. After
cooling to r.t., the solvent was evaporated in a
stream of nitrogen. Residual acid was removed by
co-distillation with toluene (five times).

The hydrolyzate was dissolved in 150 ul of
MeOH and reductively aminated by adding 17 ul
of acetic acid and 20 ul (0.24 mmol) of n-propyl-
amine. The solution was stirred for 30 min at r.t.,
then 30 ul of H,O and 16 mg (0.25 mmol) of
NaCNBH; in 100 ul of MeOH were added. After
stirring over night at r.t., products were isolated
and purified using size-exclusion chromatography
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(Sephadex LH-20). The 1-deoxy-1-(N-propyl)ami-
no-O-methyl/methyl-d;-D-glucitol-terminated oli-
gosaccharides were eluted with MeOH. Salts are
longer retained on the column. Product containing
fractions were eluted first and combined, the
solvent was removed on a rotary evaporator.

The reductively aminated samples were O- and
N-alkylated in a I-ml V-Vial with 12.5 mg
(0.31 mmol) of NaOH and 20 ul (0.32 mmol) of
Mel in 300 ul of DMSO. 1-Deoxy-1-(N-dimethyl-
propyl)ammonium-O-methyl/methyl-ds;-D-gluci-
tol-labeled oligosaccharides were purified by size-
exclusion chromatography (Sephadex LH-20, elu-
ent CH,Cl, : MEOH (2:1, v/v)). The analyte
molecules elute first while salts and DMSO are
longer retained on the column. Collected fractions
were evaporated in a stream of nitrogen, re-dis-
solved in MeOH to a concentration of approx.
0.25 mg/ml and directly submitted to ESI-IT-MS
and MALDI-TOF-MS.

Results and discussion

This work reports on the application of a novel
method, very recently described for HEMC (Ad-
den et al. 2005), to three commercial HPMC with
DSye ~2.0 and MSyp ~0.2. After appropriate
sample preparation, MALDI-TOF-MS allowed
quantitative determination of the distribution of
methyl and hydroxypropyl substituents on an
oligomeric level and thus insight in the substituent
patterns along the polymer chain. Knowledge of
the exact monomer composition is an essential
requirement for this analytical approach. There-
fore, the substituent distribution in the glucsosyl
units was thoroughly reinvestigated to detect and
assign as many constituents of these very complex
mixtures as possible.

Monomer analysis of HPMC

For each glycosyl unit in a 1,4-linked glucan three
different hydroxyl groups are available for func-
tionalization. The number of patterns can be cal-
culated by 7°, where n is the number of different
substituents. Since synthesis of HPMC is per-
formed in a one-pot procedure with methyl oxi-
rane and methyl chloride, HPMC can bear OH,
OMe, OHP and OHPMe (O-(2-methoxy)propyl)

groups, leading to 4°=64 different patterns,
without considering the rather unlikely tandem
reaction of the HP groups and formation of dias-
teroisomers due to the chirality of the HP residue.
Capillary GLC is the method of choice to analyze
these very complex mixtures due to its highly
efficient separation power and its combination
with mass spectrometry. By this approach,
important structure information can be obtained.
Another advantage is the high linear range of
flame ionization detection (FID) and that stan-
dard compounds are not required. To minimize
the complexity of the constituents as far as possi-
ble, reduction to glucitols was performed after acid
hydrolysis and prior to acetylation. Alditol ace-
tates were submitted to GLC-FID and GLC-MS.
For quantitative evaluation the effective-carbon-
response concept (ECR) was applied (Sweet et al.
1975; Scanlon and Willis 1985; Jorgensen et al.
1990). To analyze the distribution with the highest
accuracy a twofold approach was used. First, the
dominating methyl pattern was analyzed after
direct hydrolysis of HPMC, reduction and acety-
lation. Peaks were assigned based on the well-
known fragmentation of partially alkylated alditol
acetates (Mischnick-Liibbecke and Krebber 1989).
In a second step, the samples were permethylated
prior to hydrolysis to focus all glucosyl units with
a certain HP-pattern, but different combinations
of methyl substitution, in one peak and thus en-
hance sensitivity of detection and reliability of
assignment. Gas chromatograms in Figure 1
illustrates this reduction of complexity and im-
proved sensitivity for HP-glucitol detection. MSyp
values were enhanced by 7—13% by this additional
step. Table 1 lists retention times, corresponding
peak assignments, ECR-values, and the normal-
ized molar composition of all constituents.
Results for three HPMCs are summarized in
Tables 2 and 3. The methyl pattern (Table 2 and
Figure 2) is differentiated with respect to sugar
core substitution and the minor contribution by
HP-methylation, which is 3% for HPMC 1 and 2,
while 5.4% of methyl groups are located on hy-
droxypropyl residues in HPMC 3. It is estimated
that 35% of the hydroxypropyl residues are
O-methylated in HPMC 1 and 2, while 55% are
capped with methyl in HPMC 3. DSy, values are
all close to 2.0 (HPMC 1: 2.06, HPMC 2: 1.99,
HPMC 3: 2.04). Regioselectivity of methylation
(see x5, x3, and xg for O-Me in Table 2) is similar
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Figure 1. Gas chromatograms of O-methyl-O-(2-hydroxy)propyl-D-glucitol acetates obtained from HPMC 1 after direct hydrolysis,
reduction, and acetylation (a), and after additional methylation prior to hydrolysis (b); peaks are assigned according to Table 1,

*marks a plastiziser.

for all HPMC with 40% of the methyl groups at
O-2. HPMC 3 shows a somewhat higher prefer-
ence for O-3 (27.3%) compared to HPMC 1 and 2
(25.8 and 25.4%, respectively), on the expense of
0-6-methylation (32.2% compared to 33.9 and
34.4%, respectively). Comparison with the statis-
tical models of Spurlin (1939) and Reuben (1986)
shows the latter being in better agreement with the
experimental data than the random model of
Spurlin. Deviations are always positive for un- and
trisubstituted monomers (c¢o and c¢3), negative for
mono- and disubstituted fractions (¢; and ¢»).
They are in agreement with a generally — not only
specifically (Reuben) — enhanced reactivity of a
glucosyl unit after primary substitution. Hetero-
geneity parameters (H;) are given as indicator for
the average deviation of experimental data from
the model in Table 2. H;-values are in the range of
2.6-3.8 for the Spurlin model, and even more
modest for the Reuben model (HPMC 1:1.9,
HPMC 2:2.9, HPMC 3:1.5). Table 3 and Figure 3
show the results for the HP-distribution in the
glucosyl units. Minor products from tandem

reaction could be determined even at this low
amount of HP. Both, MS- and DS-values were
calculated and are 0.22 and 0.21 for HPMC 1 and
3 and somewhat lower (0.19/0.19) for HPMC 2.
Preferred oxirane addition was observed for the
primary 6-OH, followed by O-2>0-3 (x4, Ta-
ble 3). This regioselectivity was more pronounced
for HPMC 3 (0-6: 56.0%, O-2: 33.3%) compared
to approx. 49% (0O-6) and 29% (O-2) for HPMC 1
and 2. Consequently, only 11% of HP residues
were located at O-3 in HPMC 3, while 22% were
found in this least reactive position for the other
two HPMCs. Due to the higher 2,6-regioselectivi-
ty, one would expect HPMC 3 to have the lowest
contribution of tandem products to the total MS,
but with 5.3% it is significantly higher than for
HPMC 1 and 2 (2.1% and 2.0%). It must also be
considered that reactivity is not decoupled from
the sugar core by the ‘HP-spacer’ as has been ex-
pected, but is highest for position 6 (see Table 2,
compare x; values for OMe and OHPMe). On
average, 50% of HP-methyl groups are located at
6-0-HP, compared to only 32-34% of the methyl
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Figure 2. Distribution of methyl substituents in the glycosyl unit of HPMC 1 -3 in comparison with the models of Spurlin and Reuben
(a—c); deviation of the experimental data from the models of Spurlin (d) and Reuben (e).

groups, which are attached to O-6 of the sugar
core. An increased DSyp at O-6 will therefore also
result in an increased chance of tandem reaction at
this position (see Table 3, s¢6). The special trends
of regioselectivities cannot be explained at present.
It cannot be excluded that hydroxypropylation
started first and methyl chloride was added later.
Thus, the methyl oxirane could react with the most
reactive positions first, and consequently influence
the methyl pattern.

For comparison of the data with the models
of Spurlin and Reuben tandem reaction was
neglected. All samples show very low heteroge-
neity values H; Spurlin/Reuben): 0.4/0.3 (HPMC
1), 0.4/0.3 (HPMC 2), and 1.0/0.5 (HPMC 3)
with a slightly better matching of the Reuben
model.

Oligomer analysis of HPMC

As outlined in the introduction, it is not possible to
obtain an isotopically labeled but apart from that
chemically uniform polymer in case of hydroxy-
alkyl ethers, which would be the best prerequisite
to guarantee representative quantitative data from
MS. To develop an alternative approach one must
consider the critical parameters that influence rel-
ative ion intensities of mixtures in MS, including
the ionization/desorption process and ion transfer
to the mass analysator. We focused during the
method development on two different instrumental
setups: ESI-MS connected to ion trap (ESI-IT-
MS), and MALDI with TOF mass analysis, both in
positive mode (Adden et al. 2005). Generally, ion
yields of neutral carbohydrates depend on their
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Figure 3. Distribution of hydroxypropyl substituents in the glycosyl unit of HPMC 1-3 in comparison with the models of Spurlin and
Reuben (a—c); deviation of the experimental data from the models of Spurlin (d) and Reuben (e).

ability to form complexes with cations, usually
ubiquitous sodium. This ability increases with the
number of appropriate coordination sites, i.e.
oxygen, and therefore strongly increases from DP 1
to 2, furthermore, also by reduction of the reducing
end to a more flexible glucitol, and by appropriate
substitution as well. Addition of the structural
feature CHQCHOHCH3 or CH2CH (OCH3)CH3 to
a glucose is accompanied with a relatively large
increase of coordination sites, and therefore causes
huge intensity increase. By ESI-MS of HPMC hy-
drolysates even glucose residues with four HP res-
idues could be detected (data not shown), and the
MSyp would be overestimated by a factor of about
7 from the relative intensities. In our studies on
HEMC, we found that only MALDI-TOF-MS in
combination with appropriate sample preparation
allows to overcome all discrimination effects

occurring in MS due to the chemical heterogeneity
of the glucosyl units in hydroxyalkyl/methyl ether
derivatives. For control, the average DSy and
MSyp are calculated for each DP from the signal
intensity distribution. In case of a representative
quantitative analysis these values must be constant
and in agreement with the average reference value
from monomer analysis. Applying the procedure in
the way established for MC, including perdeutero-
methylation and partial hydrolysis, by far too high
MSyp values are obtained for DP 1, decreasing
with increasing DP, but not leveling off at a correct
constant value as might have been expected,
because the relative differences between the con-
stituents become less significant with increasing
complexity of the oligomeric mixtures. We there-
fore had to find appropriate sample preparation in
connection with proper instrumental features to



enable quantitative evaluation of the MS experi-
ments.

Sample preparation

All samples were permethylated with Mel-d; and
submitted to partial acid hydrolysis as common
for quantitative oligomer pattern analysis of me-
thyl derivatives. Since this was not sufficient for
quantitative analysis of HPMC, oligosaccharides
were reductively aminated with n-propylamine to
give still neutral, but basic nitrogen containing
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analytes. Reductive amination is very common in
glycoconjugate analysis and various tags have
been used (Harvey 2000). In the field of cellulose
ether analysis, Momcilovic et al. (2005) recently
reported on the successful use of dialkylamines,
especially dimethylamine. For these compounds,
always protonated and sodium co-ordinated ana-
lytes were observed in various ratios. To introduce
a permanent charge, we subsequently alkylated the
aminated compounds to obtain the quaternized
ammonium compounds. The procedure is sum-
marized in Scheme 1. An appropriate sample
clean-up was very important to record mass

OR
OR
0
H—+O 0
RO 0]
OR |mRO OH
i=0,1,2... i i
m= DP-1 ’
OR
OR
O
H-+O o
RO 6)
OR |n RO OH
I” = (CH2CH(CH3)O)|CH3/CD3 OR
i=0,1,2...
= 0-4
OR
OR
0
H—TO OH
RO 0)
OR In RO NHCH,CH,CH34
R= (CH,CH(CH3)0),CH3/CD5 OR (i) CDsl, NaOH, DMSO
=0,1,2.. iv (i) 2M TFA
n=0-4 (il)) NaCNBH,, n-propyl amine
(iv) CHl, NaOH, DMSO
OR
o OR
OR n RO NbCHH2CH20H3
R= (CH,CH(CH3)O),CHa/CD3 OR 3
i=0,1, 2.
n=0-4

Scheme 1. HPMC sample preparation for MS analysis.
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spectra with a high signal/noise ratio. We per-
formed perdeuteromethylation as first step out of
two reasons. First, we wanted to protect all free
hydroxyl functions, because polarity-enhancing
analytes are strongly discriminated with increasing
number of free OH by a factor of 50-100. Second,
peralkylation prevent side reactions during
hydrolysis, which are favored by free OH, and
levels off differences in relative stability of gluco-
sidic linkages, which is important for the random
course of the following partial hydrolysis. Reduc-
tive amination with n-propylamine was performed
to introduce more basic nitrogen, one for each
oligosaccharide. With the introduction of a per-
manent charge by subsequent peralkylation elimi-
nation of all problems related to ion formation in
MS is addressed.

After quaternization of the amino group, very
clean and well-resolved mass spectra with excellent
signal/noise ratio were obtained (Harvey 2000;
Adden et al. 2005). Enhancing the absolute
intensity is a welcomed effect, but the main pur-
pose of introducing a permanent charge into the

Intens.
x104 -
1.25 -
1.00 - DP 2
~ lowp
0.75 -
0.50 -
- 1 HP DP 3
0.25 -
} 2 HP
0.00 - 3 HP
500 600 700 800

analyte molecules is to minimize discrimination
effects as outlined above. Permanently charged
analytes do not require formation of sodium ad-
ducts, thus different complexation abilities have no
longer to be considered. Therefore, all HPMCs
were treated according to the procedure according
to Scheme 1, and submitted to MALDI-TOF-MS.
An example of a mass spectrum of HPMC 3 is
given in Figure 4, the m/z-values up to DP 3 are
listed in Table 4.

It has been shown that this sample preparation
in combination with MALDI-TOF-MS is capable
of analyzing both, the Me- and the HE-distribu-
tion along the polymer chain in HEMC (Adden
et al. 2005). Therefore, this method was also
applied to HPMC:s.

Evaluation of data

HPMC 1-3 were submitted to the procedure
outlined above and analyzed by MALDI-TOF-
MS. If each glucosyl unit reacts with the same

0 HP

900

' ﬁw/z

1020 1100
DP 4
DP 5
1000 1100 1200 1300 m/z

Figure 4. MALDI-TOF mass spectrum of HPMC 3 derived oligosaccharides prepared according to Scheme 1. The pattern of DP 4 is
shown in detail. Signals are assigned according to DP and number of HP residues. Fine structure within a mixture of a certain number

of HP-groups reflects the methyl distribution.



probability and primary alkylation does not
influence the reactivity of neighbored units, a
random distribution of the constituting monomer
units is obtained. This random pattern can be
calculated for oligomeric sequences from the mo-
lar fractions of un-, mono-, di-, and trisubstituted
glucosyl units (c¢o, ¢, ¢z, ¢3, Tables 2 and 3) as
described (Arisz et al. 1995; Mischnick and Kiihn
1996; Mischnick and Hennig 2001). Methyl groups
linked to hydroxypropyl residues were referred to
the corresponding HP position, regarding the
CH,CH(CHj3)O element as a spacer. Methyl and
hydroxypropyl patterns are calculated and evalu-
ated separately. Comparison of experimental data
with the random methyl distributions is shown in
Figure 5. DSy values are in very good agreement
with the average value from monomer analysis (see
Table 5). For each HPMC, data of DP 2, 3, 4, and
5 have been evaluated. Methyl distribution of all
HPMC:s looked very similar.

Surprisingly, all samples showed a narrower
profile compared to the random model. That
means that methyl groups are distributed more
regular on the expense of low and high substituted
regions. The latter sequences, represented by the
molar amount of low and high substituted oligo-
saccharides, occur with a lower probability as cal-
culated for the random pattern. In contrast,
commercial methyl celluloses show a more or less
pronounced deviation in the opposite direction.
Reactivity is improved in areas where methylation
has started, presumably because of hydrogen bond
interruption and improved local solubility of chain
segments. The same tendency was principally ob-
served for HEMCs (Adden et al. 2005). Since
reaction conditions are comparable for HEMC and
HPMUC, this different behavior of HPMC must be
related to the HP groups and will be discussed in
context with the HP distribution. As a further
difference to the HEMCs studied, we do not ob-
serve signals indicating unsubstituted sequences
from unaffected crystalline domains according to
the fringed fibril model (Schmidt et al. 1997),
which are more difficult to activate with NaOH
prior to the derivatization process. The heteroge-
neity parameters H,; are listed in Table 5 together
with DSy.. Since deviation of DS values from the
reference DS of monomer analysis causes an
apparent heterogeneity, H; were only listed when
ADSpe £ 0.03 (£1.5%). Although the average
heterogeneity parameters H; are similar for
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Table 4. m/z Values of oligosaccharides labeled according to
Scheme 1 and detected in ESI and MALDI mass spectra.

n(HP) n(Me) quat. [M]" n(HP) n(Me) quat. [M]"

DP10 0 331 DP 30 0 757
0 1 328 0 1 754
0 2 325 0 2 751
0 3 322 0 3 748
1 0 389 0 4 745
1 1 386 0 5 742
1 2 383 0 6 739
1 3 380 0 7 736
2 0 447 0 8 733
2 1 444 0 9 730
2 2 441 1 0 815
2 3 438 1 1 812

1 2 809

DP20 0 544 1 3 806
0 1 541 1 4 803
0 2 538 1 5 800
0 3 535 1 6 797
0 4 532 1 7 794
0 5 529 1 8 791
0 6 526 1 9 788
1 0 602 2 0 873
1 1 599 2 1 870
1 2 596 2 2 867
1 3 593 2 3 864
1 4 590 2 4 861
1 5 587 2 5 858
1 6 584 2 6 855
2 0 660 2 7 852
2 1 657 2 8 849
2 2 654 2 9 846
2 3 651 3 0 931
2 4 648 3 1 928
2 5 645 3 2 925
2 6 642 3 3 922
3 0 718 3 4 919
3 1 715 3 5 916
3 2 712 3 6 913
3 3 709 3 7 910
3 4 706 3 8 907
3 5 703 3 9 904
3 6 700

Only values for DP 1-3 are given, the analysis was performed
up to DP 5.

monomer and oligomer analysis (in the range of 3—
5, see Tables 2 and 5), deviation on the monomer
level points in the opposite, but more common
direction, i.e. increased unsubstituted and trisub-
stituted molar fractions compared to a random
pattern. However, obviously this effect does not
propagate along the chain. This is important to
mention, since often monomer data in comparison
to the Spurlin model are stressed with respect to the
substituent distribution along the chain.
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Table 5. DSy1e-, MSyp-values and heterogeneity parameters H; of HPMC 1, 2, and 3.
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Pattern  DS/MS (MA) DSy.DP2 H,  DSy.DP3 H;  DSw.DP4 H, DSy.DP5 H;
HPMC1 HP 0.22 0.15 ne.  0.18 ne. 020 23 0.19 5.1
Me 2.06 2.08 50 207 55 207 49 2.09 3.5
HPMC2  HP 0.19 0.14 ne. 0.5 ne. 0.17 71 0.18 3.0
Me 1.99 1.98 50 2.00 57 2.00 31 1.96 4.9
HPMC3 HP 0.22 0.18 ne. 020 51 024 45 021 7.1
Me 2.04 2.03 50 205 56 207 32 2.03 6.0

Labeling: reductive amination with propyl amine and quaternization with methyl iodide (Scheme 1). MA =monomer analysis.

n.e.: not evaluated.

The results for the HP-pattern of HPMC 1 and
2 are in agreement with the random model within
experimental error. Heterogeneity parameters H;
(2-3) are somewhat lower than for the methyl
pattern. Since relative deviations are more pro-
nounced due to the low MSyp, H; was only cal-
culated when the deviation of MSyp was <+0.03
(£15%). To improve this analysis towards lower
deviations is very difficult, if not impossible, be-
cause the deviations from DSy, and MSyp values
are interrelated, but of course strongly differ in
their relative meaning. At the same time, this is a
control of reliability of this statistical approach. A
systematic overestimation of HP would cause
underestimation of DSy, because glycosyl units
with HP groups carry less methyl groups. But this
is not the case. As in the monomer composition,
again HPMC 3 looks different. H; values are in the
range of 4-7 and type of deviation indicates a
slight heterogeneity with enhanced contribution of
sequences exhibiting higher and lower densities of
HP groups than for a random pattern. Figure 6
shows the graphical comparison of experimental
and calculated oligomer patterns.

The mass spectrometric data allow to compare
how DSy develops in dependence on the number
of HP groups in a certain DP. Figure 7 shows the
graphical correlation. Again differences for
HPMC 1 and 2 on one side and HPMC 3 on the
other are found. While DS, decreases with
increasing number of HP for HPMC 1 and more
slightly for HPMC 2, it increases for HPMC 3
which corresponds to the higher degree of HP
methylation for the latter.

Methylation and hydroxypropylation of cellu-
lose are usually performed in a one-pot-procedure.
Alkali-activated cellulose reacts with methyl oxi-
rane and methyl chloride in a competing reaction.
Differences in regioselectivity have been discussed
above. While no interrelation between the two

competing reagents was observed for HEMC (Ad-
den et al. 2005), a fundamental change in the
methylation pattern compared to simple MC is
observed for HPMC. The more regular distribution
of methyl groups means that methylation proba-
bility decreases in the near of methyl groups. MS
cannot differentiate between methyl groups linked
to the sugar core and methyl group at HP residues.
The HP groups act as spacer between glucose and
OH. The secondary hydroxyl group of HP is less
reactive than the primary OH of HE residues. As
already mentioned, only 35% of HP are O-methy-
lated in HPMC 1 and 2 and 55% for HPMC 3.
Thus, the decreased probability of methylation in a
random manner might be a ‘spacer effect’” of HP
residues, while HE groups with their higher reac-
tivity do not exhibit such effect. Now the question
arises, why there is no significant difference be-
tween the methyl patterns of HPMC 1 and 2 and
HPMC 3. As already mentioned, regioselectivity
was not leveled off by the spacer, but is shifted in
favor of position 6, presumably due to sterical
reasons. An increase in regioselectivity causes a
more regular distribution, i.e. at a certain DS, the
random pattern calculated for the monomer com-
position of higher regioselectivity is narrower than
the random pattern of a mixture with a less selective
pattern in the glucosyl units. The regioselectivity
shift caused by the HP spacer is therefore assumed
to explain the comparable methyl pattern of
HPMC 3 in spite of higher HP methylation. The
proposed spacer and regioselectivity effects will be
the objective of further systematic studies.

Conclusion

A comprehensive study of the substituent distri-
bution in HPMC has been performed. Three
HPMCs with DSy, of 2.0 and MSyp of about



474

‘G 9[qeL puB ¢ 2INJI 93S BIBP [BIUAWILIAAXS 10 '] QWAYDS 0] SUIPIOddE
paredard ¢—1 DINdH woly SIN-JOL-IATVIN Aq paurelqo ¢—¢ dd ur uonnqguisip [AdoidAxoIpAy (4 ) wopuel paje[nofed pue (x) [ejuswnedxe jo uosuedwo) 9 amsyy

(dH)u (dH)u (dH)u
6 9 € 0 6 9 € 0 6 9 € 0
. +o 0 : +0
oL oL oL
0z = 02 = 0C =
g g g
0€ 0€ 0g X
ov oy oy
S da - € OWdH 0s S da - Z OWdH 0s S da- L OWdH 0§
(dH)u (dH)u (dHu
6 9 g 0 6 9 € 0 6 9 g 0
% e : fo X KN £ o % Y to
ol ot oL
0z
0z = = 0z 2
o 0 2 o
og X R <
op o¢
oy 0 oy
¥ da - € ONH 0g ¥ da -2 OWdH 09 ¥da- L OWdH 05
(dH)u (dH)u (dH)u
9 S v € z b 0 9 g 4 € z L 0 9 S % 3 z ! 0
* * e n 1 L I O * * * " 1 1 I O * * * I n 1 o
oL oL FokL
0z 14 4
o¢ W 0es roe s
® USSS oy =
or 0S F0S
05 09 ™
€ da - € ONdH 09 € da - 2 OWdH 0z €da- | ONdH Loz
(dH)u (dH)u (dH)u
9 S 4 € z L 0 9 S v € z L 0 9 S v € z ! 0
« % Y . . . ‘o « % % * . . ‘o w « * * . . 0
oL oL oL
0z 0z F oz
¢ = 0¢ = o€ =
oy 2 ov olo oy wo
05 = os = L og
09 09 L 09
0L 0L ;0L
Zdd- € OWdH 08 zdad-Z 9NdH 08 Zda- L ONdH - 08



475

DS(Me) Development in DP3

2.57
2.01 %: - :
w157
o
1.0 ——HPMC 1
—=— HPMC 2
0.57
—— HPMC 3
0.0 T T T
0 1 2 3

n(HP)

Figure 7. Dependence of the DSy from the number of hydroxypropyl groups in DP 3 for HPMC 1, 2 and 3.

0.2 have been investigated. Detailed analysis of the
very complex monomer composition was a pre-
requisite for the statistical approach applied to the
next structural level. Not only the distribution of
methyl but also of hydroxypropyl groups along the
polymer chain could be quantitatively analyzed for
the first time by MALDI-TOF-MS of appropriate
oligosaccharide derivatives. Sample preparation
includes perdeuteromethylation, partial hydroly-
sis, reductive amination with n-propylamine and
subsequent O- and N-alkylation. In contrast to
MC and HEMC, methyl groups were found to be
distributed in a more regular manner compared to
the random model, while the hydroxypropyl
pattern showed only slight deviations from this
model. To further investigate this unusual effect,
which is preliminary attributed to the lower reac-
tivity of the secondary OH of HP for methylation
compared to the primary OH-group of HE resi-
dues, hydroxyethyl and hydroxypropyl glucans of
higher MS and mixed ethers produced in two steps
shall be studied. Shift in regioselectivity of HP
compared to the sugar core and steric require-
ments of the HP residue compared to the slim HE
group must also be considered.
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