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Abstract: Methyl cellulose and its derivatives are widely used in the food industry, cosmetics, and as
construction materials. The properties of methyl celluloses (MC) strongly depend on their degrees
and positions of substitution. In order to generate MCs with uncommon blocky substitution, we apply
fully protected O-benzyl-O-methyl celluloses (BnMC). Such complex polysaccharide derivatives
could not be deprotected completely and without shift of the composition by methods usually applied
to mono- and oligosaccharides. Therefore, a facile debenzylation method was developed based on
photo-initiated free-radical bromination in the presence of hydrobromic acid scavengers followed by
alkaline treatment. The reaction proceeds under homogeneous conditions and without the aid of
any catalyst. There is no need for expensive equipment, materials, anhydrous reagents, or running
the reaction under anhydrous conditions. Reaction parameters were investigated and optimized
for successful debenzylation of completely protected BnMC with degrees of methyl substitution
(DSMe) around 1.9 (and DSBn around 1.1). Side-product-free and almost complete debenzylation
was achieved when 1,2-epoxybutane (0.5 eq./eq. N-bromosuccinimide) and 2,6-di-tert-butylpyridine
(0.5 eq./eq. N-bromosuccinimide) were used in the reaction. Furthermore, ATR-IR and 1H NMR
spectroscopy confirmed the successful removal of benzyl ether groups. The method was developed
to monitor the transglycosylation reaction of the BnMC with permethylated cellulose, for which the
deprotection of many small samples in parallel is required. This comprises the determination of the
methyl pattern in the glucosyl units by gas-liquid chromatography (GLC), as well as oligosaccharide
analysis by liquid chromatography mass spectrometry (LC-MS) after perdeuteromethylation and
partial hydrolysis to determine the methyl pattern in the chains. The unavoidable partial chain
degradation during debenzylation does not interfere with this analytical application, but, most
importantly, the DS and the methyl pattern were almost congruent for the debenzylated product
and the original MC, indicating the full success of this approach The presented method provides an
unprecedented opportunity for high throughput and parallel debenzylation of complicated glucans,
such as BnMC (as a model compound), for analytical purposes. For comparison, debenzylation using
Na/NH3 was applied to BnMC and resulted in a completely debenzylated product with a remarkably
high recovery yield of 99 mol% and is, thus, the method of choice for synthetic applications, e.g., for
the transglycosylation product prepared under the selected conditions in a preparative scale.

Keywords: protection-deprotection; debenzylation; benzyl methylcellulose; glucan; polysaccharide

1. Introduction

Benzyl ethers are widely used for the orthogonal protection of hydroxy groups in
organic and especially carbohydrate chemistry mainly due to their base- and relative
acid stability, and tolerance towards manipulation of many other protecting groups [1–5].
Amongst the numerous examples of benzylation and debenzylation strategies reported
so far, etherification of the hydroxy groups with benzyl bromide (BnBr) in the presence
of a strong base, such as NaH in N,N-dimethylformamide, is the most common method
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for protection in carbohydrate chemistry, whereas heterogeneous catalytic hydrogena-
tion using a carbon-supported palladium catalyst (Pd/C) or treatment with sodium in
liquid ammonia (Na/NH3(liq.)) is normally used for deprotection [6–18]. However, the
application of a benzyl ether protection-deprotection strategy to polysaccharides, par-
ticularly β-glucans, is not as straightforward as for mono- and oligosaccharides. There
have been improvements in the benzylation of β-glucans [19–23] and some examples of
debenzylation of low molecular weight (Mw) synthetic cellulose (with a degree of poly-
merization (DP) around 20) [12,24–27], as well as of regioselectively synthesized cellulose
derivatives [28–30] by heterogeneous catalytic hydrogenation. However, facile debenzyla-
tion of high Mw benzylated β-glucans remained an issue mainly due to their low solubility
and the tendency of deprotected products to adsorb on the catalysts (which rendered
the catalysts inefficient) in the case of hydrogenation in the presence of Pd/C [31,32]. In
particular, the linear β-1,4-glucan cellulose is a critical example in this regard. In the case of
treatment with Na/NH3(liq.), poor compatibility of certain reactants and products with the
inorganic reagents has been reported [33].

For a better understanding of the background and our motivation for studying the
alternative debenzylation method presented in this paper, the following experience of ours
will first be briefly outlined. As part of a research project conducted in our lab, glucan
ether multi-block-copolymers comprising of water-soluble blocks of methylcellulose (with
a degree of substitution (DS) ~1.9, meaning that on average of about 1.9 of the available
3 substitution sites on each anhydroglucose unit are substituted with methyl groups),
interrupted by hydrophobic blocks of permethylated anhydroglucose units (per-Me-AGU),
were synthesized. This is performed by transglycosylation between Bn-protected MC
(BnMC) and permethylated cellulose (per-MC) based on a similar strategy as introduced by
Rother et al. [34] and further investigated by Hashemi and Mischnick [35]. It is of crucial
importance to outline that such products are not uniform, but instead show dispersity with
respect to average molecular weight (Mw), average block length (BL), and the distribution
of blocks along the polymer chains. Additionally, all these structural features are important
for their properties. Debenzylation of BnMC comprising randomly and fully O-methylated
blocks generates the glucan ether block-copolymers with hydrophilic and hydrophobic
blocks. For the monitoring and optimization of the transglycosylation reaction, many
reactions were performed in parallel. Several samples were taken during each reaction for
time-course studies [36] to analyze their methyl pattern and average block length by LCMS
of oligosaccharide domains [35,37–39]. Accordingly, to handle a large number of samples
in parallel and prepare them for further structural characterization by monomer analysis
using GLC [40], and oligomer analysis using quantitative mass spectrometry, a reliable and
facile debenzylation method was highly required that could be safely performed on a daily
basis. Obviously, treatment of the samples with Na/NH3(liq.) at −78 ◦C could not meet
those criteria since it requires the full-time attention of skilled operators and, thus, might
not be suitable for day-to-day operations. On the other hand, the methyl distribution of
the debenzylated products had to be representative of the material before debenzylation.
Both initially used materials, BnMC and MC, have to be recovered in the product in the
ratio applied. A reason for this was to preserve the physicochemical properties of the
partially methylated blocks, e.g., water-solubility and thermogelation [41]. Consequently,
any selective loss of the material had to be avoided during the debenzylation, work-up,
and purification steps.

As mentioned above, neither of the tried common methods of debenzylation of polysac-
charides (refer to the results and discussion Section 3) fulfilled such requirements (due
to incomplete debenzylation, biased recovery of only certain substitution patterns, i.e.,
highly methylated domains, and severe degradation of the product that resulted in the
complete loss of the product during the work-up procedures). Ultimately, the demand
for a facile yet efficient debenzylation method motivated us to conduct comprehensive
optimization of debenzylation by photo-initiated free-radical bromination and subsequent
alkaline hydrolysis (Scheme 1).
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Scheme 1. Debenzylation of BnMC using the conventional debenzylation methods in carbohydrate
and organic chemistry, and the method reported in this manuscript.

BeMiller et al. [32] reported this method using bromine in a non-polar solvent at
0–10 ◦C. The suggested mechanism for this reaction was the bromination of one of the
benzylic hydrogens to form a stable α-bromobenzyl ether derivative in an apparently
quantitative yield. Subsequent alkaline hydrolysis by saturated sodium carbonate or
calcium hydroxide generated benzaldehyde and the corresponding carbohydrate. The
method was tested for the debenzylation of several Bn-protected monosaccharides, a
maltooligosaccharide derivative, and an amylose derivative (DP > 20), and backed up
with more detailed mechanistic studies and, finally, a comparison of differences to non-
carbohydrate benzyl ether analogs was outlined [42]. Four decades later, it was shown
that the mechanism of oxidation of benzyl methyl ether with N-bromosuccinimide (NBS)
depends on the amount of NBS and the reaction temperature (Scheme 2a) [43].
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Scheme 2. (a) Possible pathways of oxidation of benzyl methyl ethers with NBS (b) Oxidation
reactions of benzyl methyl ether. Adapted with permission from Ref. [43]. 2010 copyright American
Chemical Society.

Accordingly, they proposed the mechanism shown in Scheme 2b for the formation of
aromatic aldehydes or esters via mono- or dibrominated intermediates, respectively [43].
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The pathway to aldehyde formation is not common in carbohydrate chemistry [44]. Alkaline
treatment of the esters formed will be the last step of debenzylation. To suppress the local
concentration of hydrobromic acid (HBr)—which is a side-product of free radical bromina-
tion and promotes hydrolysis of glycosidic linkages of the carbohydrates—Binkley et al. [31]
performed debenzylation of several monosaccharide derivatives using NBS as a source of
bromine radicals instead of elemental bromine, an incandescent lamp, and a vigorously
stirred aqueous suspension of calcium carbonate in carbon tetrachloride to neutralize the
formed HBr.

This research work showcases the concept of employing homogeneous HBr scavengers
and additives, and the optimization of the reaction conditions and work-up procedure,
toward a facile debenzylation of such challenging compounds as BnMC, which yields
deprotected MC with maintained substitution pattern profiles.

For method development, MCs with a DS of 1.9, employed in the transglycosylation
experiments [35], were benzylated to generate perbenzylated MCs (BnMC, DSMe ~1.9,
DSBn ~1.1) as challenging model glucan ethers for debenzylation. Subsequently, the BnMCs
were debenzylated and the conversion/success was checked by ATR-IR- and 1H NMR
spectroscopy. The methyl pattern in the glucosyl unit and over the cellulose chains was
checked by GLC of alditol acetates, and LC-MS of oligosaccharides obtained by partial
hydrolysis of the products, respectively. The results were compared with those of the
original materials. Moreover, the results of this optimized debenzylation method were
also compared with those obtained from debenzylation of the same BnMC material using
Na/NH3(liq.). Debenzylation of BnMC by Na/NH3(liq.) has not been reported before to
the best of our knowledge.

2. Materials and Methods
2.1. Materials and Equipment

MC-1 and MC-3 refer to two separately-purchased bottles of the same methylcellulose
product, Tokyo Chemical Industry, 7000–10,000 mPa·s 2% in water at 20 ◦C (in order to
make a correct and precise conclusion, they are given different code names and treated
as different materials in this manuscript). On the other hand, MC-2 refers to methylcel-
lulose, Sigma-Aldrich, 400 mPa·s 2% in water at 20 ◦C (for detailed analytical data on
MC 1–3 refer to Figures S2–S8). The following were also used: methyl lithium solution
(MeLi), 1.6 M in diethyl ether, Aldrich, 0.732 g/mL at 25 ◦C; iodomethane-d3 (MeI-d3),
Carl Roth, 99.5 Atom % D, stabilized with Cu; benzyl bromide (BnBr), synthesis grade,
Merck; trifluoroacetic acid (TFA) 99.9%, Carl Roth; N-bromosuccinimide (NBS) 99%, Alfa
Aesar; 1,2-epoxybutane, synthesis grade, Merck; 2,6-di-tert-butylpyridine (DTBP) 97%,
Sigma-Aldrich; [Ir(dtbbpy)(ppy)2]PF6, Sigma-Aldrich; sulfolane, synthesis grade, Merck;
dialysis membrane tube, molecular weight cutoff (MWCO) 3500 and 14,000, Carl Roth;
ammonia, purity grade 3.8 W (99.98%), Linde; ammonium chloride, pure (Merck). All
reagents and solvents were used as received without further purification. Ultraviolet (UV)
radiation was carried out using commercially available ozone sterilizing UV lamps for
household disinfection purposes, Brightinwd LED, 20 W. There was no specific wavelength
range written on the lamp or its manual; however, according to its advertised intended
application, it was expected to irradiate wavelengths in the range of 180–260 nm [45].
Reactions under UV irradiation were conducted in quartz vessels. Visible-light radiation
was performed using a normal household incandescent light bulb 40 W, or a compact
fluorescent lamp 20 W, as are mentioned in the reaction procedure.

2.2. Synthesis of BnMC
2.2.1. Preparation of Lithium Dimsyl (Li-dimsyl) Solution

To prepare 12 mL of 1.6 M Li-dimsyl solution, 12 mL MeLi 1.6 M in diethyl ether
was added to 12 mL anhydrous dimethyl sulfoxide (DMSO) at room temperature (26 ◦C)
while stirring and purging nitrogen for 30 min to remove the diethyl ether and the
formed methane.
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2.2.2. Benzylation

The MC-1 (1.00 g, 5.30 mmol AGU, DS 1.89, Mw ~ 189 g/mol per AGU, Figures S2, S5 and S8)
was dissolved in anhydrous DMSO (30 mL). Freshly prepared Li-dimsyl solution (11 mL,
17.65 mmol, 3 eq./eq. OH) was added dropwise to the solution of MC-1 in DMSO at 50 ◦C.
The BnBr (2.14 mL, 3.08 g, 17.65 mmol, 3 eq./eq. OH, Mw 171 g/mol, d 1.44 g/mL,) was
added dropwise and the reaction mixture was stirred for 24 h. Benzylation was repeated
with half the amounts of reagents and the solution was stirred for another 24 h. Thereafter,
4 mL MeOH was added and stirring continued for 20 min. The reaction mixture was
transferred to a dialysis membrane tube (MWCO 14,000, previously immersed in DMSO
to gain flexibility). The tube was placed in a Soxhlet apparatus and purified by refluxing
THF for 48 h. The purified solution was concentrated on a rotary evaporator and checked
by ATR-IR spectroscopy for completion of the reaction by monitoring the disappearance
of the OH vibration at around 3300–3500 cm−1 on the ATR-IR spectrum. Benzylation and
purification steps were repeated twice more to obtain a completely benzylated product,
BnMC-1 (1.34 g, 4.64 mmol AGU, 87 mol%, Mw 289 g/mol per AGU, Figures S9 and S10).
Reported molar yields of all the benzylated products in this manuscript are calculated
under the premise of a complete benzylation.

In the same way as above, MC-2 (1.0 g, 5.31 mmol AGU, DS 1.87, Mw ~ 188 g/mol per
AGU, Figures S3, S6 and S8), and MC-3 (2.00 g, 10.60 mmol AGU, DS 1.89, Mw ~ 189 g/mol
per AGU, Figures S4, S7 and S8) were benzylated by Li-dimsyl solution (3 eq./eq. OH) and
benzyl bromide (3 eq./eq. OH) to yield BnMC-2 (977 mg, 3.67 mmol AGU, 63 mol%, Mw
290 g/mol per AGU) and BnMC-3 (2.84 g, 9.85 mmol AGU, 93 mol%, Mw 289 g/mol per
AGU), respectively (Figures S9 and S10).

2.3. Debenzylation
2.3.1. Method-1

Method-1 refers to one-pot debenzylation reactions, meaning that free-radical bromina-
tion and subsequent alkaline hydrolysis are carried out in the same reaction vessel without
any work-up and purification in between the steps.

The BnMC-1 (162 mg, 0.566 mmol AGU, 0.631 mmol Bn, DSBn 1.115, DSMe 1.885, Mw
286 g/mol per AGU) or BnMC-2 (171 mg, 0.592 mmol AGU, 0.669 mmol Bn, DSBn 1.13,
DSMe 1.87, Mw 290 g/mol per AGU) was dissolved in 20 mL degassed sulfolane (ni-
trogen was purged through it for 30 min) in a tall 50 mL quartz beaker. The NBS
(8 eq./eq. Bn, Mw 178 g/mol; 0.9 g, 5.0 mmol for BnMC-1; 961 mg, 5.35 mmol for BnMC-
2) and 1,2-epoxybutane (4 eq./eq. NBS, Mw 72 g/mol, d 0.83 g/mL; 1.757 mL, 1.458 g,
19.990 mmol for BnMC-1; 1.878 mL, 1.558 g, 21.408 mmol for BnMC-2) were added in
4 equal portions every 90 min. After each round of addition of reagents, the beaker-top
was covered by aluminum foil, and the reaction mixture was illuminated by a UV lamp,
positioned at 10 cm from the side of the beaker, for 90 min while being stirred at 30 ◦C.
Thereafter, 2 mL methanolic NaOMe (30%) was added to the reaction mixture and stirred
for 60 min at 30 ◦C. The reaction mixture was then transferred to a dialysis membrane tube
(MWCO 3500) and dialyzed against THF/water, 1:1, v/v, and then water, and finally freeze-
dried. For complete debenzylation, the whole procedure was repeated one more time with
half the amounts of reagents to yield deBnMC-1 (97 mg, 0.52 mmol AGU, Mw 189 g/mol,
91 mol%) or deBnMC-2 (102 mg, 0.543 mmol AGU, Mw 188 g/mol, 92 mol%). Reported
molar yields of all the debenzylated products in this manuscript are calculated under the
premise of a complete debenzylation.

2.3.2. Method-2

Method-2 refers to debenzylation reactions comprising 2 separate steps, i.e., free-
radical bromination and alkaline hydrolysis. The reaction work-up (dialysis and freeze-
drying) is carried out after each step.
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Method-2a

The BnMC-2 (146 mg, 0.504 mmol AGU, 0.570 mmol Bn, DSBn ~ 1.13, DSMe 1.87,
Mw ~ 290 g/mol per AGU) underwent free-radical bromination by NBS (8 eq./eq. Bn,
Mw 178 g/mol, 819 mg, 4.56 mmol) and 1,2-epoxybutane (4 eq./eq. NBS, Mw 72 g/mol,
d 0.83 g/mL, 1.600 mL, 1.327 g, 18.22 mmol) in a similar way as described for Method-1.
The reaction mixture was then transferred to a dialysis membrane tube (MWCO 3500)
and dialyzed against DMSO, THF, and water, respectively. The freeze-dried product was
dissolved in 15 mL DMSO at 30 ◦C and reacted with 2 mL methanolic NaOMe (30%) at 30 ◦C
for 60 min. The reaction mixture was transferred to a dialysis membrane tube (MWCO 3500)
and dialyzed against water, followed by freeze-drying. The whole procedure was repeated
once more with half the amounts of reagents to yield a completely debenzylated fluffy
white solid, deBnMC-2* (76 mg, 0.41 mmol AGU, Mw 189 g/mol, 81 mol%).

Method-2b

The BnMC-2 (146 mg, 0.504 mmol AGU, 0.570 mmol Bn, DSBn ~1.13, DSMe 1.87,
Mw ~ 290 g/mol per AGU) reacted with NBS (8 eq./eq. Bn, Mw 178 g/mol, 818 mg,
4.556 mmol) and DTBP (1 eq./eq. NBS, Mw 191 g/mol, d 0.85 g/mL, 1.054 mL, 898 mg,
4.556 mmol) in a similar way as described for Method-2a. The reaction mixture was
then transferred to a dialysis membrane tube (MWCO 3500) and dialyzed against DMSO,
THF, and water, respectively. The freeze-dried product was dissolved in 15 mL DMSO at
30 ◦C and reacted with 2 mL methanolic NaOMe (30%) at 30 ◦C for 30 min. The reaction
mixture was transferred to a dialysis membrane tube (MWCO 3500) and dialyzed against
water. Subsequent freeze-drying resulted in the debenzylated product, deBnMC-2** (65 mg,
0.34 mmol AGU, Mw 189 g/mol, 69 mol%).

Method-2c

The BnMC-3 (160 mg, 0.504 mmol AGU, 0.564 mmol Bn, DSBn ~1.12, DSMe 1.89,
Mw ~ 289 g/mol per AGU) reacted with NBS (2 eq./eq. Bn, Mw 178 g/mol, 215 mg, 1.207
mmol), 1,2-epoxybutane (0.5 eq./eq. NBS, Mw 72 g/mol, d 0.83 g/mL, 53 µL, 43 mg, 0.603
mmol), DTBP (0.5 eq./eq. NBS, Mw 191 g/mol, d 0.85 g/mL, 140 µL, 487 mg, 0.603 mmol),
n-PrOH (0.5 eq./eq. epoxy, Mw 60 g/mol, d 0.80 g/mL, 22 µL, 1.23 mmol), and iso-PrOH
(0.5 eq./eq. epoxy, Mw 60 g/mol, d 0.79 g/mL, 23 µL, 1.23 mmol) in a similar way as
described for Method-2b. Reaction work-up and subsequent alkaline hydrolysis were
also performed in the same way as described for Method-2b to give deBnMC-3 (72 mg,
0.38 mmol AGU, Mw 189 g/mol, 63 mol%).

2.3.3. Method-3 (Na/NH3)

The liquid ammonia required for this reaction was collected as follows. The ammonia
inside a cylinder of liquid ammonia equipped with a needle valve was slowly condensed
in a flask equipped with a condenser capable of holding a mixture of small particles of
dry ice and iso-propanol (−78 ◦C). The flask was also placed (up to the flask neck) in a
cooling bath filled with dry ice and iso-PrOH (Figure S1). During the whole reaction, dry
ice was continuously added to the cooling bath and the condenser to maintain the reaction
temperature at −78 ◦C and prevent the evaporation of ammonia. To prevent any probable
pressure-build up, the outlet of the condenser was connected to an oil bubbler and kept
open during the reaction.

A solution of 138 mg BnMC-3 (0.476 mmol AGU, 0.530 mmol Bn, DSBn 1.115, DSMe
1.885, Mw ~ 289 g/mol per AGU) in 5 mL anhydrous THF was added to a mixture of
1 g sodium (43.47 mmol, Mw 23 g/mol) in 30 mL liquid ammonia at −78 ◦C and stirred
using a magnetic stirrer located under the cooling bath. Upon the addition of sodium,
the color of the mixture turned dark with a shining mirror-like reddish surface. After 3 h,
0.5 g ammonium chloride (9.43 mmol, Mw 53 g/mol) was added and reacted for 10 min.
Thereafter, 10 mL iso-propanol was added. After 5 min., the condenser was removed,
the outlet of the flask was directly connected to the bubbler, and nitrogen was purged
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over the reaction mixture for 10 min. Thereafter, the flask was gradually taken out of the
cooling bath by lowering the height of the lab jack underneath the magnetic stirrer. Purging
nitrogen over the reaction mixture was continued constantly until the flask reached room
temperature (~20 ◦C) and all the ammonia was evaporated. Ammonium chloride (2 g)
was added to the flask in small portions using a spatula. A very dark blue color started
to appear at this point, which later gradually turned to white. To facilitate stirring, 5 mL
of iso-propanol was added. Glacial acetic acid was added dropwise until neutral pH was
achieved, as indicated by the phenolphthalein indicator. Then, 10 mL of water was added
and stirred for 30 min. The reaction mixture was concentrated on a rotary evaporator and
transferred into a dialysis membrane tube (MWCO 3500), where it was dialyzed against
water. Subsequent freeze-drying resulted in the debenzylated product as a fluffy white
solid, deBnMC-3* (Na/NH3) (89 mg, 0.47 mmol AGU, Mw 189 g/mol, 99 mol%).

2.4. ATR-IR Spectroscopy

Attenuated total reflection Fourier transform infrared spectroscopy (ATR-IR) was
carried out using a Bruker single reflection Platinum-ATR Alpha instrument. Spectra
were recorded using 24 scans at the scan range 400–4000 cm–1 and processed using
OPUS 7.0 software.

2.5. H NMR Spectroscopy

The 1H NMR spectra were recorded at 20 ◦C on a Bruker FT 300 (300 MHz) or
Bruker Avance II 600 (600 MHz). In the case of methylcellulose or debenzylated products,
approximately 10 mg of sample was dissolved in 0.6 mL DMSO-d6 (99.9% D) containing
0.03% (v/v) SiMe4 (TMS) as the internal standard (Sigma-Aldrich, St. Louis, MO, USA).
In the case of benzylated methylcellulose derivatives, nearly 10 mg was dissolved in
chloroform-d (99.8% D) with 0.03 % (v/v) TMS (Deutero GmbH, Kastellaun, Germany).
Proton shifts (δ) are reported in part per million (ppm) downfield from TMS. Spectra were
processed using TopSpin NMR software, Bruker.

2.6. Monomer Analysis by GLC

Monomer analysis, i.e., determination of molar portions of different partially-methylated
glucose units, was performed according to the well-established procedure developed in our
lab [40,46]. Two to five samples were taken from the compound of interest (depending on
its availability) and added to separate V-vials for further sample preparation and analysis.
All the sample preparation steps, namely, total hydrolysis, reduction, and formation of
alditol acetates, were performed for each of these two to five V-vials independent of other
vials; hence, in the figure captions throughout this article, these samples are referred to as
“independently-prepared samples”.

After total hydrolysis, reduction, and subsequent formation of alditol acetates by
acetylation under alkaline conditions, GC-FID analysis was performed at least three times
for each of the independent samples mentioned above. After correction of the peak areas
according to the molar effective carbon response (ECR) in FID [40,47–49], the molar content
of each monomer, i.e., of un-, mono-, di-, and tri-substituted monomers, partial DS at each
position, and the total DS were evaluated as described by Voiges et al. [40]. Corresponding
average values and standard deviations were calculated for each of the independent
samples. To report a final value for the sample in question, the calculated average values
for each independent sample were averaged again, and their standard deviations were
combined using the “pooled standard deviation” concept [50–54], which is the method of
choice in chemistry and quality control laboratories for monitoring the reproducibility of
measurements when different samples are prepared for the analysis, and each of them is
measured repeatedly. This is shown in the following Equation (1):

spooled =

√
(n1 − 1)s2

1 + (n2 − 1)s2
2 + · · ·+ (nk − 1)s2

k
n1 + n2 + · · ·+ nk − k

(1)
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spooled: pooled standard deviation
k: number of samples
s1, s2, etc. within sample standard deviations
n1, n2, etc. numbers of measurements made for different samples

2.6.1. Gas-Liquid Chromatography

Subsequently, GLC analyses were performed on a Shimadzu GC 2010, equipped
with a flame ionization detector (FID), a Phenomenex Zebron ZB-5HT Inferno column
(length 28.7 m, internal diameter 0.25 mm, film thickness 0.25 µm), and a retention gap
(methyl deactivated, 1.5 cm). Analysis conditions were as follows: H2 as carrier gas with
a flow rate of 40 cm/s (linear velocity mode), injection volume 1 µL, splitless injection
at 250 ◦C. The temperature program for analysis of the samples prepared from ethylated
MC-1 started at 60 ◦C for 1 min, heating 10 ◦C/min up to 100 ◦C, 1◦C/min to 140 ◦C,
0.5 ◦C/min to 150 ◦C, and then remained constant for 15 min, 20 ◦C/min to 310 ◦C, and
then remained constant for 10 min. The temperature program for analysis of all other
methylated glucans reported in this article started at 60 ◦C for 1 min, heating 20 ◦C/min up
to 200 ◦C, 4 ◦C/min to 250 ◦C, 20 ◦C/min to 310 ◦C, and then remained constant for 10 min.
The FID detector operated with hydrogen (40 mL/min), synthetic air (400 mL/min), and
nitrogen (make-up-gas 30 mL/min). Sample solutions (in dichloromethane) were filtered
through PTFE membrane syringe filters with a pore size of 0.45 µm. Peak areas were
corrected according to the molar effective carbon response (ECR) in FID [40,47–49]. Data
evaluation was performed using GC solution software 2.41.00 (Shimadzu).

Experimental details of GLC-FID of deBnMC-1 are as follows: Sample MC-1 was
ethylated first, thereafter, from the ethylated MC-1, three separate samples were taken and
prepared independently of each other (independent total hydrolysis, reduction, and alkaline
acetylation, as described in the Materials and Methods Section 2.6). Each independently-
prepared sample was measured 3 times using GLC, and the data were averaged as explained
above. Likewise, from deBnMC-1, two separate samples were taken as such (i.e., without
prior ethylation) and prepared independently of each other (independent total hydrolysis,
reduction, alkaline acetylation). Each independently-prepared sample was measured four
times by GLC, and the data were averaged as explained above.

Experimental details of GLC-FID of deBnMC-2, deBnMC-2*, and deBnMC-2** are
as follows: to produce the presented data, from deBnMC-2, two separate samples were
taken and prepared independently of each other (independent total hydrolysis, reduction,
and alkaline acetylation, as described in the Materials and Methods Section 2.6). Each
independently-prepared sample was measured four times by GLC, and the data were
averaged. Likewise, from deBnMC-2*, three separate samples were taken and prepared
independently of each other. Each independently-prepared sample was measured four
times. From deBnMC-2**, three separate samples were taken and prepared independently
of each other. Each independently-prepared sample was measured five times. From MC-
2, four separate samples were taken and prepared independently of each other. Each
independently prepared sample was measured three times, and the data were averaged.

Experimental details of GLC-FID of deBnMC-3 and deBnMC-3*are as follows: three
separate samples were taken from the deBnMC-3 and prepared independently of each other
(independent total hydrolysis, reduction, and alkaline acetylation). Each independently-
prepared sample was measured three times. From deBnMC-3* (Na/NH3), two separate
samples were taken and prepared independently of each other. Each independently-
prepared sample was measured three times. From MC-3, five separate samples were taken
and prepared independently of each other. Each independently-prepared sample was
measured three times. Evaluated results were averaged as explained above.

2.7. Oligomer Analysis by LC-MS

For quantitative analysis of the methyl pattern by LC-MS [35,37,55], products were
first perdeuteromethylated. From the perdeuteromethylated sample, two–four samples
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were taken (depending on its availability) and added to separate vials for further sample
preparation, namely, partial acid hydrolysis, labeling with m- aminobenzoic acid (m-ABA)
by reductive amination in MeOH, and filtration. Hence, in the figure captions throughout
this article, these samples are referred to as “independently-prepared samples”.

2.7.1. LC-ESI-MS

For liquid chromatography-mass spectrometry of m-ABA labeled samples in nega-
tive ion mode, the electrospray ionization ion trap mass spectrometer (ESI-IT-MS), HCT
Ultra ETDII (Bruker Daltonics, Bremen, Germany), was coupled to an Agilent LC system
equipped with a binary pump (1100 Series) and a diode array detector (DAD) (G1315B).
Chromatography was performed using a reversed-phase RP-18 column (Phenomenex,
Kinetex, 2.6 µm, 100 mm × 2.1 mm) with the mobile phases H2O/HOAc (99:1, v/v; A)
and ACN/HOAc (99:1, v/v; B) in a linear gradient system (0 min, 80 vol % A and 45 min,
10 vol % A) at a flow rate of 0.2 mL min−1. The following instrumental parameters were
applied: injection volume 10 µL, nitrogen as dry gas (10 L min−1, 365 ◦C) and as nebulizer
gas (50 psi), capillary voltage 4500 V, endplate offset voltage—500 V, capillary exit—280 V,
smart ICC target 100000, compound stability 1000%, trap drive level 100%, target mass
1000, scan mode standard-enhanced (8100 (m/z)/s), mass range 500–1700 m/z, negative ion
mode. Mass spectra were evaluated using the data analysis 4.0 software (Bruker Daltonics,
Bremen, Germany). For quantification, peak intensities were corrected for background
noise and overlapping peaks of 13C isotopes. Averaging and calculation of measurement
uncertainties were performed in the same way as explained for GLC analysis.

Experimental details of oligomer analysis of deBnMC-2* by LC-ESI-MS: From the
deuteromethylated deBnMC-2*, four separate samples were taken and prepared indepen-
dent of each other (independent partial hydrolysis and labeling). Each independently
prepared sample was measured three times by LC-ESI-MS in negative ion mode. Likewise,
from the deuteromethylated MC-2, three separate samples were taken and prepared inde-
pendently of each other. Each independently-prepared sample was measured four times.
The evaluated Me-profiles and DS values for each sample were averaged.

3. Results and Discussion

The applicability of several well-known debenzylation methods in carbohydrate
chemistry, namely, heterogeneous catalytic hydrogenation over Pd/C, free-radical bromi-
nation followed by hydrolysis [31,32], and treatment with Na/NH3(liq.), was examined
on benzylated methylcellulose derivatives (BnMC) with DSMe ~1.9 and DSBn ~1.1 as
model compounds. Moreover, amongst the various methods reported for the catalytic
activation of the benzylic hydrogen [56] or vanadium-catalyzed oxidative debenzyla-
tion of non-carbohydrate compounds under harsh acidic conditions [57], the potential
of an acid-free visible-light-promoted debenzylation of the above-mentioned BnMC mate-
rial in the presence of a homogeneous iridium-catalyst [58] was investigated (Scheme 1),
which sadly resulted in only partial debenzylation of such benzylated methylcellulose
derivatives (Figure 1).

Debenzylation of BnMC by catalytic hydrogenation over Pd/C was not successful
due to the strong adsorption of the polysaccharide on the catalyst. Our attempts to extract
the debenzylated products from the Pd/C catalyst using various solvents, such as DMSO,
EtOH, THF, and DCM, in the order of extraction, as well as heating (up to the boiling point
of the solvents, except for DMSO) resulted in a slightly better recovery at the expense of
severe contamination due to catalyst leaching. The catalyst contamination could not be
removed by filtration through PTFE membrane syringe filters with a pore size of 0.45 µm.
Moreover, due to the polymeric nature of the products the filters were quickly blocked.
Solid-phase treatments with a Celite® bed, solid-phase extraction cartridges, or liquid-
liquid extraction for removing the catalyst contamination were not successful due to the
amphiphilicity of the debenzylated products and their high tendency to adsorption on
solid surfaces.
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Another approach to recover the debenzylated products from the catalyst was the
acetylation or deuteromethylation of the reaction mixture (including the debenzylated
products and the catalyst) immediately after the catalytic hydrogenation. Derivatization
of the products was expected to facilitate their extraction from the catalyst. Subsequent
treatment of the extracted acetylated products with methanolic NaOMe was expected to
regenerate the desired MC with deprotected hydroxy groups, whereas deuteromethylation
of the samples was expected to produce deuterated derivatives (Me-d3-MC), which could
be later used for structural analysis by mass spectrometry. Neither of these modifications
were successful.

Debenzylation of BnMC by free radical bromination with Br2 in chloroform or sul-
folane under radiation by an incandescent lamp, as described by BeMiller et al. [32,42],
resulted in only partial debenzylation and severe chain degradation to the extent that
no product was recovered after dialysis by a membrane tube with MWCO 3500. Further
optimization of the debenzylation reaction by free-radical bromination and subsequent
hydrolysis was performed as shown in Scheme 3.
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Due to the significant switching of polarity of BnMC after deprotection, application of
non-polar organic solvents, such as chloroform, for debenzylation by free-radical bromina-
tion resulted in the formation of crude solid assemblies that trapped the rest of the polymer
chains and prevented them from further deprotection. Ultimately, sulfolane was used as the
solvent because of its inertness to the reaction condition—as a consequence of its oxidation
state—and also because of its impressive solubility power for the protected starting material
(hydrophobic), the reagents used for debenzylation, and also the unprotected hydrophilic
product, and finally its much less critical state with respect to toxicity.
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To reduce the local concentration of HBr which, in any case, is a side-product of
radical bromination, Br2 was replaced by NBS on account of the fact that upon exposure to
UV, NBS gradually generates bromine radicals which are immediately consumed in the
reaction. Additionally, CaCO3, either as solid powder or aqueous suspension, was added
to chloroform or sulfolane as an additive to capture the produced HBr while nitrogen was
constantly purging through the reaction mixture to remove the liberated CO2 and to drive
the HBr neutralization equilibrium forward. Only partial debenzylation occurred, and
chain degradation was very strong, to the extent that only 21 mol% of the product was
recovered after purification by a dialysis tube MWCO 3500. No debenzylation occurred
when CaCO3 was replaced with Na2CO3, K2CO3, or a soluble analog, (NH4)2CO3.

3.1. Debenzylation Method-1 (One-Pot Experiments)

As an alternative to acid neutralization by solid or soluble bases, 1,2-epoxybutane was
used to trap the HBr by ring-opening addition to the epoxy ring. There was no need to
continuously degas the reaction mixture, which is a bothersome issue when the debenzy-
lated product has foam stabilizing properties, such as MC in this case. 1,2-Epoxybutane
was used in an excess amount in order to enhance the suppression of acid hydrolysis of the
polymer by HBr (Table 1). The NBS has strong absorption below 330 nm [59]. Therefore,
in the beginning, radiation was performed using an inexpensive ozone sterilizing UV
lamp for household disinfection purposes (20 W) located at 10 cm from the side of the
reaction vessel made of quartz. Since the reaction medium was purged for 30 min with
nitrogen in order to remove the dissolved oxygen, the risk of oxygen-promoted oxidative
degradation of glucans was expected to be low at such weak radiation intensities and in
the presence of a strong UV absorbent such as NBS and benzyl groups. Additionally, high
power gamma-irradiation was used for partial degradation of β-glucans [60], as we could
not find any literature reporting the degradation of 1,4-β-glucans by irradiation in the UV
range. To achieve complete debenzylation, 8 eq. of NBS per eq. of Bn groups was required,
and the reaction was performed twice (91 mol%).

The ATR-IR- (Figure 2a) and 1H NMR spectra (Figure 2b) of deprotected BnMC-1
(deBnMC-1, Method-1, Table 1) did not show any sign of aromatic benzyl groups and
were in good agreement with the spectra from the original MC-1, and, thus, confirmed the
successful removal of benzyl groups. The signals at 0.86 ppm and 1.49 ppm, in the 1H NMR
spectrum of deBnMC-1 in Figure 2b, were assigned to the terminal methyl and its adjacent
methylene group of the hydroxybutyl substituted side-products (HBu) resulting from the
addition of some of the hydroxy groups of the MC to the oxirane. These side-products were
further investigated and quantified by GLC and LC-MS analyses and estimated to be in
total around 8 mol% (for details refer to the Supplementary Material, page 11).

To study whether he DS and methyl substitution pattern has been changed by any
DS-dependent bias of the procedure, the amount and distribution of methyl groups of
MC-1 and deBnMC-1 were investigated by GLC-FID after total hydrolysis and subsequent
preparation of alditol acetates. A comparison of relative molar portions of the eight
monomer constituents showed that the methyl pattern was well-maintained (Figure 3).
Considering all analyses performed, slight deviations do not show a preference for any
position, and, thus, seem to be acceptable non-systematic changes.

To investigate whether the methyl substitution profile over the chains of debenzylated
MC was preserved after the entire procedure of debenzylation, MC-1 and deBnMC-1 were
further analyzed by LC-ESI-MS according to our well-established procedure, comprising
perdeuteromethylation of hydroxy groups, partial hydrolysis, and finally labeling with
m-ABA (Figure S11) [35,37,55]. Mass spectra of deBnMC-1, as well as zoomed-in views of
DP-2 and DP-3 for deBnMC-1 (m-ABA labeled) and MC-1 (deuteromethylated and m-ABA
labeled), are illustrated in Figure S12.
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Table 1. Debenzylation Methods, reaction conditions and additives. Products’ names are shown in
bold and the stars are part of the products’ names, such as deBnMC-3*.
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• Products:
deBnMC-1 (91 mol%)
deBnMC-2 (92 mol%)

• hydroxybutyl substituted
side-products (8 mol%)

Method 2
With dialysis before
alkaline treatment

a

1. NBS (8 eq./eq. Bn), 1,2-epoxybutane
(4 eq./eq. NBS), sulfolane, hυ, 30 ◦C, 6 h
work-up: dialysis, freeze-drying

2. NaOMe (30 % in MeOH, 2 mL), 30 ◦C, 1 h
3. Repeat 1–2 with half the amount of the reagents

• Product:
deBnMC-2* (81 mol%)

• hydroxybutyl substituted
side-products (5-6 mol%)

b

1. NBS (8 eq./eq. Bn), DTBP (1 eq./eq. NBS)
sulfolane, hυ, 30 ◦C, 6 h work-up: dialysis,
freeze-drying

2. NaOMe (30 % in MeOH, 2 mL), 30 ◦C, 30 min
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1. NBS (2 eq./eq. Bn), DTBP (0.5 eq./eq. NBS), 1,2-
epoxybutane (0.5 eq./eq. NBS), n-PrOH (0.5 
eq./eq. epoxy), iso-PrOH (0.5 eq./eq. epoxy), sul-
folane, hʋ, 30 °C, 6 h 
work-up: dialysis, freeze-drying 

2. NaOMe (30 % in MeOH, 2 mL), 30 °C, 30 min 
3. Repeat 1-2 with half the amount of the reagents 

• Product:  
deBnMC-3 (63 mol%) 

• No side products 

Method 3 Na/liquid NH3 − 78 °C, 3h 

• Product:  
deBnMC-3* (99 mol%) 

• No side products 

Products’ names are shown in bold and the stars are part of the products’ names, such as deBnMC-
3*. 

The ATR-IR- (Figure 2a) and 1H NMR spectra (Figure 2b) of deprotected BnMC-1 
(deBnMC-1, Method-1, Table 1) did not show any sign of aromatic benzyl groups and 

2,6-di-tert-butylpyridine (DTBP)

• Product:
deBnMC-2** (69 mol%)

• No side products

c

1. NBS (2 eq./eq. Bn), DTBP (0.5 eq./eq. NBS),
1,2-epoxybutane (0.5 eq./eq. NBS), n-PrOH (0.5
eq./eq. epoxy), iso-PrOH (0.5 eq./eq. epoxy),
sulfolane, hυ, 30 ◦C, 6 h work-up: dialysis,
freeze-drying

2. NaOMe (30 % in MeOH, 2 mL), 30 ◦C, 30 min
3. Repeat 1-2 with half the amount of the reagents

• Product:
deBnMC-3 (63 mol%)

• No side products

Method 3 Na/liquid NH3 − 78 ◦C, 3 h
• Product:

deBnMC-3* (99 mol%)
• No side products

Products’ names are shown in bold and the stars are part of the products’ names, such as deBnMC-3*.

The experiment was repeated with another BnMC-2 (DSMe 1.87, DSBn 1.13), un-
der the same conditions as before (Method-1), and 92 mol% of the completely deben-
zylated product (deBnMC-2) was collected. The mass spectrum was in good agreement
with that of deBnMC-1 in Figure S12 (Figure 4a). Profiles with ∆ m/z − 17 show in-
complete deuteromethylation (-Me-d3), whereas those with ∆ m/z + 17 have one addi-
tional deuteromethyl group at O-4 of the non-reducing end of the oligomer as a result
of chain degradation before or during deuteromethylation. The relative abundance of
∆ m/z + 17 profiles of each DP also depends on the degree of hydrolysis, since chain ends
are degraded faster than internal parts of the macromolecule. Thus, it is not a measure to
quantify degradation.
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To study whether he DS and methyl substitution pattern has been changed by any 
DS-dependent bias of the procedure, the amount and distribution of methyl groups of 
MC-1 and deBnMC-1 were investigated by GLC-FID after total hydrolysis and subsequent 
preparation of alditol acetates. A comparison of relative molar portions of the eight mon-
omer constituents showed that the methyl pattern was well-maintained (Figure 3). Con-
sidering all analyses performed, slight deviations do not show a preference for any posi-
tion, and, thus, seem to be acceptable non-systematic changes. 

Figure 2. (a) ATR-IR spectrum of deBnMC-1 (Method-1, Table 1). Spectra of MC-1 and BnMC-1 are
shown for comparison. (b) 1H NMR spectra of MC-1 (600 MHz, DMSO-d6), deBnMC-1 (300 MHz,
DMSO-d6), and BnMC-1 (300 MHz, CDCl3).
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Although nitrogen was purged over the reaction mixture before alkaline treatment 
in order to evaporate the 1,2-epoxybutane residue (b.p. 63 °C) and prevent its ring-open-
ing side reaction with the hydroxy groups of the polysaccharide, mono-, di-, and tri-hy-
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spectively) were observed with decreasing abundance. Additional profiles with Δ m/z + 
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Figure 3. (a) The GLC-FID chromatogram of deBnMC-1 (Method-1, Table 1). Numbers on the
peaks show the methyl substitution position on AGU; (b) Evaluated methyl substitution pattern of
deBnMC-1 and MC-1 based on monomer analysis of alditol acetates by GLC-FID. The MC-1 was
analyzed after perethylation, while MC-1 after benzylation and debenzylation was analyzed without
perethylation. For details, refer to the Materials and Methods Section 2.6.1.
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account of their different chemistry and, thus, surface activity, the intensities of these ad-
ditional profiles (Δ m/z ± 17, + n·72) are not representative of their molar ratio. 

 
Figure 4. (a) Cutouts of LC-MS spectra of deBnMC-2 (Method-1, Table 1) showing DP-2 and its 
additional side-products when debenzylation is performed in one-pot (peaks of DP-2 + 3 HBu over-
lap with the peaks of DP-3 and are not shown) versus (b) when the reaction mixture is purified 
before alkaline hydrolysis (deBnMC-2*, Method-2a, Table 1). Only trivial amounts of DP-2 + 3 HBu 
(at the background noise level of LC-MS) were detected by LC-MS; (c) a cutout of the LC-MS spec-
trum of MC-2 is displayed for comparison. Insets exhibit zoomed-in views of the main methyl sub-
stitution profiles of corresponding spectra. Samples are deuteromethylated, partially hydrolyzed, 
and labeled with m-ABA. For details refer to the Materials and Methods Section 2.7. 

3.2. Debenzylation Method-2 (2-Separate-Step Experiments) 
The ring-opening reaction of 1,2-epoxybutane with the hydroxy groups of the glucan 

occurs in the acidic medium of the free-radical bromination step (because of the produced 
HBr side-product), and during the alkaline conditions of the subsequent hydrolysis step 
as well (Scheme 2b, ester pathway). To circumvent the latter, instead of a one-pot reaction, 
debenzylation of BnMC-2 was performed in two separate steps (Method-2a, Table 1). Af-
ter free-radical bromination, the reaction mixture was dialyzed to remove all the impuri-
ties, particularly the residual 1,2-epoxybutane and NBS, and then it was freeze-dried. Re-
moval of NBS before the alkaline hydrolysis step had the added advantage of eliminating 

Figure 4. (a) Cutouts of LC-MS spectra of deBnMC-2 (Method-1, Table 1) showing DP-2 and its
additional side-products when debenzylation is performed in one-pot (peaks of DP-2 + 3 HBu overlap
with the peaks of DP-3 and are not shown) versus (b) when the reaction mixture is purified before
alkaline hydrolysis (deBnMC-2*, Method-2a, Table 1). Only trivial amounts of DP-2 + 3 HBu (at the
background noise level of LC-MS) were detected by LC-MS; (c) a cutout of the LC-MS spectrum of
MC-2 is displayed for comparison. Insets exhibit zoomed-in views of the main methyl substitution
profiles of corresponding spectra. Samples are deuteromethylated, partially hydrolyzed, and labeled
with m-ABA. For details refer to the Materials and Methods Section 2.7.

Although nitrogen was purged over the reaction mixture before alkaline treatment in order
to evaporate the 1,2-epoxybutane residue (b.p. 63 ◦C) and prevent its ring-opening side reaction
with the hydroxy groups of the polysaccharide, mono-, di-, and tri-hydroxybutyl substituted
side-products (+1 HBu, +2 HBu, and +3 HBu/oligosaccharide, respectively) were observed with
decreasing abundance. Additional profiles with ∆ m/z + n·72 (n = 1, 2), as shown in Figure 4a
and Figure S12, are attributed to these side-products. As determined by GLC (Figure 3,
and page 11 of the Supplementary Material), the average molar ratio of these side-products
was estimated to be around 8 mol%, mainly with one and traces with two substituents per
AGU. Looking at the mass spectra, however, their exaggerated ion intensities might be
misleading. Methoxy alkyl ethers and longer alkyl ethers as well are known to markedly
enhance the ion yield in mass spectrometry [61]. On account of their different chemistry
and, thus, surface activity, the intensities of these additional profiles (∆ m/z ± 17, +n·72)
are not representative of their molar ratio.
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3.2. Debenzylation Method-2 (2-Separate-Step Experiments)

The ring-opening reaction of 1,2-epoxybutane with the hydroxy groups of the glucan
occurs in the acidic medium of the free-radical bromination step (because of the produced
HBr side-product), and during the alkaline conditions of the subsequent hydrolysis step as
well (Scheme 2b, ester pathway). To circumvent the latter, instead of a one-pot reaction,
debenzylation of BnMC-2 was performed in two separate steps (Method-2a, Table 1). After
free-radical bromination, the reaction mixture was dialyzed to remove all the impurities,
particularly the residual 1,2-epoxybutane and NBS, and then it was freeze-dried. Removal
of NBS before the alkaline hydrolysis step had the added advantage of eliminating NBS-
promoted oxidation under alkaline conditions [62]. The purified product was dissolved
in DMSO and treated with NaOMe in MeOH, then isolated and purified by dialysis and
finally freeze-dried to yield 81 mol% completely debenzylated product (deBnMC-2*).

Consequently, as shown in Figure 4b, +2 HBu profiles were significantly reduced in the
LC-MS spectrum, and the +1 HBu profiles shrank to 5–6 mol% in total, as determined by
GLC-FID (Figure S13). Methyl patterns for DP-2 of deBnMC-2* and MC-2 are demonstrated
by the zoomed-in insets on the corresponding spectra in Figure 4b,c, and are in good
agreement with each other. Monomer analysis by GLC-FID also showed congruent DS
values of deBnMC-2* (~1.86, Figure 5) and MC-2 (~1.87, Figure S3). Oligomer analysis was
performed by quantitative LC-MS. Evaluated methyl substitution profiles and DS values
for DP 2–4 of deBnMC-2* and MC-2 were in good agreement with each other (Figure 6).
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Since attempts to run SEC of the debenzylated MCs failed, end-group analysis was 
applied in order to estimate the average degree of polymerization (Figure S13a). From the 
molar portion of tetra-O-methyl-glucitols (4.8 mol%), the average degree of polymeriza-
tion of 20 (corresponding to Mn of 3700) was estimated (Figure S13b), which, due to the 
peralkylation step required, is systematically too low. It should be pointed out that even 
one break per chain might reduce the average Mw down to 50%. 

Figure 4b proves that the removal of excess oxirane before alkaline treatment helps 
to reduce the amount of hydroxybutyl side-products. However, some part of this side-
product was already formed during the slightly acidic conditions of the first step of deben-
zylation, i.e., free-radical bromination. To completely avoid this side-product, various 
strategies were examined as follows. 

Figure 5. Methyl substitution pattern of deBnMC-2 (Method-1, Table 1), deBnMC-2* (Method-2a,
Table 1), deBnMC-2** (Method-2b, Table 1), and MC-2 (for comparison) evaluated based on monomer
analysis of alditol acetates by GLC-FID. For details refer to the Materials and Methods Section 2.6.1.

Since attempts to run SEC of the debenzylated MCs failed, end-group analysis was
applied in order to estimate the average degree of polymerization (Figure S13a). From the
molar portion of tetra-O-methyl-glucitols (4.8 mol%), the average degree of polymerization
of 20 (corresponding to Mn of 3700) was estimated (Figure S13b), which, due to the per-
alkylation step required, is systematically too low. It should be pointed out that even one
break per chain might reduce the average Mw down to 50%.

Figure 4b proves that the removal of excess oxirane before alkaline treatment helps to
reduce the amount of hydroxybutyl side-products. However, some part of this side-product
was already formed during the slightly acidic conditions of the first step of debenzylation,
i.e., free-radical bromination. To completely avoid this side-product, various strategies
were examined as follows.
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and MC-2 (for comparison) based on the oligomer analysis acquired by quantitative LC-ESI-MS of 
m-ABA-labeled oligosaccharides. For details refer to the Materials and Methods Section 2.7.1. 

Our early experiments (Scheme 3) showed that bromination did not proceed under 
alkaline conditions. This meant that simply adding a base to neutralize the reaction me-
dium was not an effective strategy. Alternatively, a non-nucleophilic weak base, DTBP 
[63,64] (1 eq./eq. NBS), was added to the reaction shown in Table 1, Method-2b as a re-
placement for 1,2-epoxybutane in Method-2a. The molar yield of the isolated products 
was not reproducible and spanned from 51 mol% to the highest value of 69 mol%, which 
is much lower than those of deBnMC-2* (81 mol%). The ATR-IR spectra (Figure 7a) and 
1H NMR (Figure 7b) showed that a considerable number of aromatic groups were left, 
which could not be quantified due to the many weak and broad signals involved. 

Figure 6. Evaluated methyl substitution profile and DS values of deBnMC-2* (Method-2a, Table 1)
and MC-2 (for comparison) based on the oligomer analysis acquired by quantitative LC-ESI-MS of
m-ABA-labeled oligosaccharides. For details refer to the Materials and Methods Section 2.7.1.

Our early experiments (Scheme 3) showed that bromination did not proceed under
alkaline conditions. This meant that simply adding a base to neutralize the reaction medium
was not an effective strategy. Alternatively, a non-nucleophilic weak base, DTBP [63,64]
(1 eq./eq. NBS), was added to the reaction shown in Table 1, Method-2b as a replacement
for 1,2-epoxybutane in Method-2a. The molar yield of the isolated products was not
reproducible and spanned from 51 mol% to the highest value of 69 mol%, which is much
lower than those of deBnMC-2* (81 mol%). The ATR-IR spectra (Figure 7a) and 1H NMR
(Figure 7b) showed that a considerable number of aromatic groups were left, which could
not be quantified due to the many weak and broad signals involved.
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Another strategy was the addition of n-propanol (0.25–0.5 eq./eq. epoxy) and iso-pro-
panol (0.25–0.5 eq./eq. epoxy) to the reaction mixture so that they could perhaps react with 
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of the hydroxy groups of the glucan. Lighter alcohols, such as MeOH or EtOH, were not 
soluble in the reaction medium and caused turbidity, even in very small quantities. Alco-
hols can react with NBS and result in its decomposition. Therefore, they were added in 
small quantities. The results, however, were not satisfying because of the incomplete 
debenzylation, and, in some cases, the formation of some side-products. 

Ultimately, in order to reduce the formation of side-products, BnMC-3 (DSMe 1.89) 
was reacted with fewer equivalents of NBS (2 eq./eq. Bn), 1,2-epoxybutane (0.5 eq./eq. 
NBS), and DTBP (0.5 eq./eq. NBS), as well as n-propanol and iso-propanol (each 0.5 eq./eq. 
1,2-epoxybutane) under UV-Vis radiation at 25 °C, followed by dialysis and subsequent 
treatment with methanolic NaOMe. The reaction was repeated one more time to obtain 63 
mol% completely debenzylated product (deBnMC-3, Table 1, Method-2c), as judged by 
ATR-IR spectroscopy (Figure 8). 

 
Figure 8. The ATR-IR spectra of deBnMC-3 (Method 2c, Table 1) and deBnMC-3* (Na/NH3, Table 1, 
Method-3). Spectra of MC-3 and BnMC-3 are shown for comparison. The small deviation of the peak 
shape of deBnMC-3* (Na/NH3) in the C-H region at 2921 cm–1 might be due to impurity. 

Figure 7. (a) The ATR-IR spectra of deBnMC-2** (Table 1, Method-2b), MC-2, and BnMC-2. (b) The 1H
NMR spectra of MC-2 (600 MHz, DMSO-d6), deBnMC-2** (300 MHz, DMSO-d6), BnMC-2 (600 MHz,
CDCl3). S-labeled squares indicate residual solvents peaks. The peak of the residual aromatic groups
is shown by the dashed-line circle.

Another strategy was the addition of n-propanol (0.25–0.5 eq./eq. epoxy) and iso-
propanol (0.25–0.5 eq./eq. epoxy) to the reaction mixture so that they could perhaps react
with epoxy rings (under either nucleophilic substitution or radical driven mechanisms)
instead of the hydroxy groups of the glucan. Lighter alcohols, such as MeOH or EtOH,
were not soluble in the reaction medium and caused turbidity, even in very small quantities.
Alcohols can react with NBS and result in its decomposition. Therefore, they were added
in small quantities. The results, however, were not satisfying because of the incomplete
debenzylation, and, in some cases, the formation of some side-products.

Ultimately, in order to reduce the formation of side-products, BnMC-3 (DSMe 1.89)
was reacted with fewer equivalents of NBS (2 eq./eq. Bn), 1,2-epoxybutane (0.5 eq./eq.
NBS), and DTBP (0.5 eq./eq. NBS), as well as n-propanol and iso-propanol (each 0.5 eq./eq.
1,2-epoxybutane) under UV-Vis radiation at 25 ◦C, followed by dialysis and subsequent
treatment with methanolic NaOMe. The reaction was repeated one more time to obtain
63 mol% completely debenzylated product (deBnMC-3, Table 1, Method-2c), as judged by
ATR-IR spectroscopy (Figure 8).
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Figure 8. The ATR-IR spectra of deBnMC-3 (Method 2c, Table 1) and deBnMC-3* (Na/NH3, Table 1,
Method-3). Spectra of MC-3 and BnMC-3 are shown for comparison. The small deviation of the peak
shape of deBnMC-3* (Na/NH3) in the C-H region at 2921 cm–1 might be due to impurity.

Despite the low product recovery yield, monomer and oligomer analysis data were in
good agreement with those of the original MC, which means that the loss of material during
the reaction work-up was not biased toward constituents with certain methyl substitution.
As a result, Method-2c is a promising debenzylation method, particularly for the high
throughput structural analysis of glucans. The analytical data are shown in Figures 8–10
and are compared with those of debenzylation using Na/NH3(liq.) (Method-3, Table 1),
which is described below.
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Figure 9. A cutout of the LC-MS spectra (negative ion mode) of (a) deBnMC-3 (Method-2c, Table 1)
and (b) deBnMC-3* (Na/NH3, Method-3, Table 1), after deuteromethylation, partial hydrolysis, and
labeling with m-ABA. For details refer to the Materials and Methods Section 2.7.
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Figure 10. Methyl substitution patterns of deBnMC-3 (Method-2c, Table 1), deBnMC-3* (Na/NH3,
Method-3, Table 1), and MC-3 (for comparison), evaluated based on the monomer analysis of alditol
acetates by GLC-FID. For details refer to the Materials and Methods Section 2.6.1.

3.3. Debenzylation Method-3 (Na/NH3)

To investigate the applicability of debenzylation of BnMC using Na/NH3(liq.) and
also to provide a reference for comparison with the debenzylation Method-c, BnMC-3
was debenzylated by Na/NH3(liq.) as shown in Table 1, Method-3. For isolation of the
debenzylated product after quenching, the reaction mixture was transferred to a dialysis
membrane tube (MWCO 3500) and dialyzed against water. After freeze-drying, a com-
pletely debenzylated pure product, deBnMC-3* (Na/NH3), with a 99 mol% recovery yield
was obtained.

Mass spectra of deBnMC-3 and deBnMC-3* (Na/NH3), after deuteromethylation,
partial hydrolysis, and labeling with m-ABA, showed negligible amounts of residual
benzyl groups (Figure 9). Profiles marked with “+ Me-d3” belong to degraded chain ends
produced during debenzylation and/or deuteromethylation (which are alkylated at the
terminal 4-OH). The dashed lines indicate the m/z range where the DP-2 and DP-3 profiles
containing residual benzyl groups (m/z + 73) appear. The m/z peaks of “DP-3 + Bn”
(which are hardly visible above the background noise) are shown on the enlarged views of
the “DP-3 + Bn” region. For instance, m/z 832 indicates a DP-3 with 6 Me, 2 Me-d3, and
1 Bn substituent.

From the end-group analysis, as outlined earlier, the average DPs of deBnMC-3 and
deBnMC-3* (Na/NH3) were estimated to be 25 and 44, corresponding to Mn of 4700 and
8300, respectively. Due to chain degradation during permethylation, these average DP
are too low, and may be used only for relative comparison. Monomer analysis data are
illustrated in Figure 10. The ATR-IR spectra of deBnMC-3 (Method-2c, Table 1), deBnMC-3*
(Na/NH3, Method-3, Table 1), and MC-3 (for comparison) are presented in Figure 8.

4. Conclusions

This study has shown that debenzylation by photo-initiated free-radical bromination
and subsequent alkaline treatment is very sensitive to the choice of HBr scavengers and
the work-up procedure. The development of homogeneous deprotection of BnMC (DSMe
~1.9, DSBn ~1.1) was carried out in a stepwise manner. Side-product-free and almost
complete debenzylation was achieved when 1,2-epoxybutane and DTBP were used (as
HBr scavengers) in the reaction, and the bromination product was purified by dialysis
before the alkaline hydrolysis of the formed ester. The methyl patterns in the glucosyl
unit and over the polymer chains for the recovered MC were not fully identical but were
in sufficiently good agreement with those of the starting materials. Despite the measures
taken to neutralize HBr and prevent chain degradation, a reduction in chain length was
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observed. However, this does not interfere with the application of this debenzylation
method in the context of the analytical characterization of products comprising further
depolymerization. Therefore, this method is, for instance, well suited for monitoring our
transglycosylation studies of permethylated cellulose and BnMC, requiring deprotection
steps for a larger number of samples in parallel in order to check the methyl pattern and
average block length by LCMS. More laborious debenzylation using Na/NH3 resulted in a
completely debenzylated product with a remarkably high recovery yield of 99 mol% and is,
thus, the method of choice for synthetic applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polysaccharides3030028/s1, Figure S1: Reaction setup for deben-
zylation by Method-3 (Na/NH3); Figure S2: Methyl pattern of MC-1 before benzylation; Figure S3:
Methyl pattern of MC-2 before benzylation; Figure S4: Methyl pattern of MC-3 before benzylation;
Figure S5: Me-profiles and DS values of MC-1 based on the oligomer analysis by LC-MS; Figure S6:
Me-profiles and DS values of MC-2 based on the oligomer analysis by LC-MS; Figure S7: Me-profiles
and DS values of MC-3 based on the oligomer analysis by LC-MS; Figure S8: Overlay of the Me-
profiles of MC 1–3 based on the oligomer analysis by LC-MS; Figure S9: ATR-IR spectra of BnMC-1,
BnMC-2, BnMC-3; Figure S10: 1H NMR spectra of BnMC-1, BnMC-2, BnMC-3; Figure S11: Sample
preparation procedure for quantitative LC-MS analysis of MC and deBnMC; Figure S12: LC-ESI-MS
spectrum-cuout of deBnMC-1; Figure S13: Estimation of the average degree of polymerization by
end-group analysis using GLC.
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