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Abstract Regioselective tritylation and carbonate 
aminolysis were employed in this work to synthesize 
cellulose 2,3-bis(3,5-dimethylphenyl carbamate)-6-
(α-phenylethyl carbamate)-type chiral selectors. We 
evaluated and optimized the critical aspects of regi-
oselective tritylation and detritylation at C6 of the 
glucopyranose units of the polysaccharide backbone. 
The advantage of using cellulose II in comparison 
to cellulose I for tritylation was analyzed and the 
detritylation time was determined by a fast and sim-
ple thin-layer chromatography method. Optimiza-
tion of both tritylation and detritylation was accom-
panied by a combination of analytical techniques. 

Oxycarbonylation with phenyl chloroformate was 
used to introduce a reactive phenyl carbonate moi-
ety at C6 of the intermediate cellulose 2,3-bis(3,5-
dimethylphenyl carbamate), which was subsequently 
converted to the respective cellulose 6-(α-phenylethyl 
carbamate) derivative by aminolysis with enantiopure 
(R)- or (S)-α-phenylethylamine. The starting mate-
rial, intermediates, and target cellulose derivatives 
were comprehensively analytically characterized by 
ATR-FTIR, solid- and liquid-state 13C NMR, GPC, 
and elemental analysis. With the optimized protocol, 
it became possible to obtain cellulose carbamate-type 
chiral selectors through carbonate aminolysis with 
simple and commercially available primary amines 
instead of reaction with isocyanate reagents. The 
enantioseparation performance of the obtained chi-
ral selectors was evaluated against cellulose tris(3,5-
dimethylphenyl carbamate) as a reference selector 
with a selection of chiral analytes.
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Introduction

High-performance liquid chromatography (HPLC) 
on chiral stationary phases (CSPs) is one of the most 
powerful techniques for the direct separation of enan-
tiomeric compounds, or generally, stereoisomers, 
both on analytical and preparative scales (Ahuja 
1997; Subramanian 2008). Polysaccharide derivatives 
are the most versatile chiral selectors (CSs) due to 
their superior chiral recognition ability in comparison 
to other macromolecular selectors, such as proteins, 
macrocyclic polyethers, macrocyclic antibiotics, etc. 
(Teixeira et  al. 2019). In the 1980s, Okamoto et  al. 
successfully introduced polysaccharide derivatives 
for enantioseparation by HPLC and a number of poly-
saccharide derivatives carrying different substituents 
have been screened since then (Shen and Okamoto 
2016; Chankvetadze 2020; Wang et  al. 2021), e.g., 
aryl and alkyl carbamates, alkyl esters, benzoates, 
and cycloalkyl substituents (Chankvetadze 2012). 
Among them, polysaccharide phenyl carbamates and 
benzoates were shown to be the most powerful (Min-
guillón et al. 1996; Fanali et al. 2019). Up to 90% of 

the tested enantiomeric compounds could be sepa-
rated by these polysaccharide derivative-based CSs 
(Ikai and Okamoto 2009; Shen and Okamoto 2016; 
Yin et al. 2019a). Amylose and cellulose are the most 
common polysaccharide matrices for CSs (Okamoto 
et al. 1986; Okamoto et al. 1998; Okamoto 2009; Ali 
et  al. 2009; Shen and Okamoto 2016), but also chi-
tosan and chitin are being used (Ribeiro et al. 2017). 
Hetero-substituted polysaccharides (such with differ-
ent moieties) were shown to possess, in certain cases, 
even higher chiral discrimination than their homo-
substituted counterparts (Acemoglu et al. 1998; Felix 
2001; Katoh et al. 2011; Yin et al. 2019b).

One central part of the regioselective synthesis 
of such hetero-substituted cellulose derivatives is 
the use of, e.g., trityl protecting groups for C6-OH 
(Kaida and Okamoto 1993) as it allows regioselec-
tive distinction of this hydroxy group from those in 
C2- and C3-positions. This strategy has been applied 
to generate a series of hetero-substituted polysaccha-
ride derivatives as CSs (Chassaing et al. 1996; Chas-
saing et al. 1997; Zheng et al. 2009; Shen et al. 2018). 
Heterogeneous tritylation of regenerated cellulose 
(= cellulose II) obtained by deacetylation of cellulose 
acetate (Hearon et al. 1943b) or homogenous trityla-
tion of celluloses in a mixture of N,N-dimethylaceta-
mide (DMAc)/LiCl/pyridine at 80 °C have been used 
to yield cellulose derivatives with high DS (Gömez 
et  al. 1996; Shen et  al. 2018; Ganske and Heinze 
2018). The degradation of cellulose in the mixture 
of DMAc/LiCl at elevated temperatures needs to be 
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considered here (Potthast et al. 2002; Chrapava et al. 
2003).

Tritylation of mercerized and regenerated cellu-
loses in pyridine as a reaction medium has also been 
described (Kern et al. 2000; Li et al. 2008). Recently, 
also ionic liquids were exploited as the reaction media 
for homogeneous tritylation (Erdmenger et  al. 2007; 
Granström et  al. 2008). With regard to later depro-
tection, treatment with concentrated aqueous HCl 
(Kaida and Okamoto 1993; Kern et al. 2000; Li et al. 
2008; Shen et  al. 2018) or gaseous HCl (Acemoglu 
et al. 1998) are the most common methods to cleave 
off the protecting group. Also here, cellulose degra-
dation by hydrolytic cleavage of the glycosidic bonds 
under strongly acidic conditions has to be taken into 
account (Kontturi et al. 2016).

The substituent at C6 of the glucopyranose units 
of the polysaccharide backbone was shown to have a 
significant influence on the overall chiral recognition 
(Kaida and Okamoto 1993; Chassaing et  al. 1996; 
Acemoglu et al. 1998; Felix 2001). Besides the sub-
stituents and their pattern, the enantioseparation per-
formance of a certain CS significantly depends on the 
nature of the polysaccharide, its degree of polymeri-
zation (DP) (Okada et  al. 2016; Zhang et  al. 2020), 
the amount of selector coated onto the silica sup-
port, and the used coating/immobilization procedures 
(Yashima et  al. 1996; Wei et  al. 2019). Evidently, 
there is also an influence of the dimensions of the 
silica gel (Yashima et al. 1996; Qin et al. 2010; Bezh-
itashvili et  al. 2017; Kohout et  al. 2019), the ana-
lytes, and of course the HPLC conditions (Yashima 
et al. 1996; Bui et al. 2021) as it is also in non-chiral 
separations.

Carbonate aminolysis was shown to be an efficient 
path towards the introduction of carbamate func-
tionalities onto cellulose (Elschner et al. 2013; Gan-
ske and Heinze 2018; Bui et  al. 2022c), besides the 
routinely used isocyanate chemistry (Hearon et  al. 
1943a; Hearon et al. 1943c; Heard and Suedee 1996; 
Khan et al. 2008; Labafzadeh et al. 2014). However, 
the former way offers higher flexibility due to the 
greater availability of amines compared to the rather 
limited choice of available isocyanates. Different phe-
nyl chloroformates have been evaluated as reagents 
for cellulose aryl carbonate synthesis (Ganske and 
Heinze 2018; Bui et al. 2022c), which were shown to 
be more reactive than the respective alkyl carbonates 
(Elschner and Heinze 2015). For details on carbonate 

aminolysis for obtaining cellulose carbamates see the 
comprehensive studies by Heinze et  al. and others 
(Pourjavadi et al. 2011; Elschner et al. 2013; Elschner 
and Heinze 2015; Ganske and Heinze 2018; Bui et al. 
2022c).

In the present work, we describe the regioselective 
synthesis and testing of hetero-substituted mixed cel-
lulose 3,5-dimethylphenyl and α-phenylethyl carba-
mate chiral selectors with a special focus on the criti-
cal aspects of tritylation and detritylation.

Materials and methods

Materials

Cellulose I (Avicel® PH-101, MCC), p-cymene 
(99%), and acetic acid (> 99%) were purchased from 
Sigma-Aldrich (Schnelldorf, Germany). The MCC 
was dried at 40  °C in a vacuum oven for at least 2 
days before use. 4-Methoxytrityl chloride (97%) was 
purchased from ABCR GmbH (Karlsruhe, Germany). 
3,5-Dimethylphenyl isocyanate (> 98%), (3-amino-
propyl)triethoxysilane (> 98%), phenyl chloroformate 
(> 98%), (R)-(+)-α-methylbenzylamine (> 99%), 
and (S)-(−)-α-methylbenzylamine (> 98%) were 
purchased from TCI Europe N.V. (Zwijndrecht, Bel-
gium). All organic solvents for the synthesis, such 
as N,N-dimethylacetamide (DMAc), N,N-dimeth-
ylformamide (DMF), tetrahydrofuran (THF), pyri-
dine, etc., were of reagent grade and dried with 3 Å 
molecular sieves (Sigma-Aldrich, Schnelldorf, Ger-
many) for at least 3 days before use. Ethanol (EtOH) 
for precipitation and washing was of technical grade 
and obtained from Carl Roth GmbH + Co. KG or 
Fisher Scientific (Vienna, Austria). HPLC silica gel 
(7  μm, 1000 Å) was obtained from Daisogel Osaka 
Soda Co., Ltd. (Japan). TLC silica gel 60 RP-18  F254s 
was purchased from Merck KGaA (Germany). Empty 
stainless steel  HPLC columns (150 × 4  mm, i.d.) 
and column hardware were purchased from Bischoff 
Analysentechnik u. -geräte GmbH (Leonberg, Ger-
many). The HPLC solvents n-hexane (95%), 2-pro-
panol (99.9%), and methanol (98%) were obtained 
from Fisher Scientific. A commercial CHIRAL-
CEL® OD column (10 μm silica gel, 250 × 4.6 mm, 
i.d.) from Chiral Technologies Europe SAS (Illkirch 
Cedex, France) was used for comparative purposes. 
α-Methyl-D,L-phenylalanine methyl ester (98%, 
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a) and Tröger’s base (98%, b) were purchased from 
Sigma-Aldrich (Schnelldorf, Germany). 2-Phenylcy-
clohexanone (> 98%, c), benzoin (> 98%, d), Pirkle’s 
alcohol (> 99%, e), and trans-stilbene oxide (98%, f) 
were purchased from TCI Europe N.V. (Zwijndrecht, 
Belgium).

Instrumentation

Solid-state 13C CP/MAS (12  kHz) and liquid-state 
13C NMR experiments were carried out on Avance III 
HD and Avance II 400 instruments (Bruker, Rhein-
stetten, Germany) with resonance frequencies of 
100.68 MHz and 100.62 MHz, respectively. Data pro-
cessing was performed with TopSpin 3.6.2 and ACD/
NMR Processor Academic Edition 12.01 software. 
Chemical shifts (δ) are given in ppm. ATR-FTIR 
spectra were recorded on a Frontier IR Single-Range 
spectrometer (PerkinElmer, Waltham, Massachusetts, 
US) equipped with a diamond/ZnSe crystal,  LiTaO3 
detector, and KBr windows. FTIR spectra were evalu-
ated using SpectraGryph software (version v1.2.15). 
UV/Vis measurements were carried out on a Perki-
nElmer Lambda 35 spectrophotometer (PerkinElmer, 
Waltham, Massachusetts, US). GPC analyses were 
performed according to a standard procedure (Henni-
ges et al. 2011; Jusner et al. 2022).

An Agilent Technologies, Inc. (Santa Clara, CA, 
USA) 1100 HPLC apparatus equipped with a quater-
nary pump (G1311A), autosampler (G1313A), TCC 
(G1316A), and DAD (G1315A) was used to evaluate 
the enantioseparation performance of the chiral col-
umns. OpenLab CDS software (Agilent) was used for 
chromatographic data processing and evaluation.

Elemental analyses were carried out at the micro-
analytical laboratory of the University of Vienna on 
a EURO EA 3000 CHNS-O instrument (HEKAtech, 
Wegberg, Germany) with halide contents being deter-
mined by argentometry.

Syntheses

General information

In the case of the homogeneous reactions, the reac-
tants were slowly added after the cellulose deriva-
tives have been intensively mixed with the respective 
organic solvent mixtures at room temperature (RT) 
until a clear solution was formed. All reactions were 

performed under an inert atmosphere of dry nitrogen 
at the specified conditions. The precipitation of the 
crude products, vacuum filtration, and washing steps 
were repeated several times. Deionized water was 
used for washing. The purified cellulose derivatives 
were dried in a vacuum oven at 40 °C for at least 2 
days before use. Any further variations or additional 
steps are described below.

Synthesis of the reference CS cellulose 
tris(3,5‑dimethylphenyl carbamate) 1

Cellulose tris(3,5-dimethylphenyl carbamate) as a ref-
erence CS was synthesized according to the protocols 
of (Okamoto et al. 1984) and (Miaomiao et al. 2017). 
Yield: 5.73 g, 77 wt%.

Synthesis of the CSs 6R and 6S

Cellulose II preparation The cellulose II allomorph 
was prepared based on the protocols of Li et  al. 
(2008), Kern et  al. (2000) with modifications. MCC 
(10 g) was dispersed and vigorously stirred in 25% aq. 
NaOH (180 mL) in a closed vessel at RT for 48 h. The 
mixture was then added to EtOH (240 mL) and stirred 
for 1 h. Cellulose II was collected by vacuum filtration 
and washed with a large excess of EtOH. Immersion in 
EtOH and filtration/washing were repeated. Cellulose 
II was collected by vacuum filtration, washed with a 
large excess of distilled water for quantitative removal 
of residual NaOH until neutral and dried in a vacuum 
oven at 40 °C for 2 days.

Synthesis of  cellulose 6‑(4‑methoxytrityl ether) 
2 Dried cellulose II (7  g) was immersed and vig-
orously stirred in anhydrous pyridine (140 mL). The 
suspension was stirred at 100 °C for 8 h. A solution 
of 4-methoxytrityl chloride (2.5 molar eq.  relative 
to the glucopyranose repeating units of cellulose) in 
anhydrous pyridine (112 mL) was slowly added. The 
mixture was stirred at 100 °C for 14 h, and the clear, 
yellowish solution was allowed to cool to RT. A large 
excess of EtOH was used to precipitate crude cellulose 
derivative 2, which was collected by vacuum filtra-
tion, washed with a large excess of EtOH, and distilled 
water (two times each) and dried at 40 °C in a vacuum 
oven for 2 days. The crude product was purified by 
redissolution in pyridine, reprecipitation, filtration, 
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and washing as described above. Yield: 18.07  g, 96 
wt%.

Synthesis of  cellulose 2,3‑bis(3,5‑dimethylphenyl 
carbamate)‑6‑(4‑methoxytrityl ether) 3 Cellulose 
derivative 2 (15 g) was dissolved in anhydrous pyri-
dine (150 mL). 3,5-Dimethylphenyl isocyanate (4 
molar eq.  relative to the repeating units of cellulose 
derivative 2) was added dropwise and the mixture was 
stirred at 110 °C for 18 h. The solution was allowed 
to cool to RT. The crude cellulose derivative 3 was 
precipitated in a large excess of EtOH and collected 
by vacuum filtration. The filter cake was washed with 
a large excess of EtOH and distilled water (two times 
each). The material was dried at 40 °C in a vacuum 
oven for 2 days and further purified by redissolution 
in pyridine, reprecipitation, filtration, and washing as 
described above. Yield: 24.54 g, 98 wt%.

Synthesis of  cellulose 2,3‑bis(3,5‑dimethylphenyl 
carbamate) 4 Homogeneous detritylation was per-
formed according to the protocols of Li et al. (2008) 
and Kern et al. (2000) with modifications. Cellulose 
derivative 3 (14 g) was dissolved in THF (280 mL). A 
mixture of concentrated aq. HCl (37 wt%, 63 mL) and 
THF (980 mL) was slowly added and the mixture was 
stirred at RT for 4 h. The reaction was then quenched 
by the addition of solid  Na2CO3/K2CO3 until pH 7. 
Any formed salt was separated by vacuum filtration 
through a sintered glass frit. The THF in the filtrate 
was evaporated for the most part by rotary evaporation 
under reduced pressure. The crude cellulose deriva-
tive 4 was precipitated in a large excess of EtOH and 
collected by vacuum filtration, washed with a large 
excess of EtOH and distilled water (two times each), 
and dried at 40 °C in a vacuum oven for 2 days. The 
purification procedure was repeated after redissolution 
in THF. Yield: 8.34 g, 95 wt%.

Synthesis of  cellulose 2,3‑bis(3,5‑dimethylphenyl 
carbamate)‑6‑(phenyl carbonate) 5 Cellulose deriv-
ative 4 (7 g) was dissolved in a mixture of anhydrous 
DMAc and pyridine (140 mL, 9:1, v/v). The solu-
tion was cooled to 0 °C by an ice/water bath. Phenyl 
chloroformate (2 molar eq.  relative to the repeating 
units of cellulose derivative 4) was added dropwise. 
The reaction mixture was stirred for 12 h at 0 °C. A 
large excess of EtOH was employed to precipitate 
crude compound 5, which was collected by vacuum 

filtration, washed with a large excess of EtOH and dis-
tilled water (two times each), and dried at 40 °C in a 
vacuum oven for 2 days. Further purification of cel-
lulose derivative 5 was carried out by repeating the 
above sequence after redissolution in DMAc. Yield: 
8.74 g, 99 wt%.

Synthesis of  cellulose 2,3‑bis(3,5‑dimethylphenyl 
carbamate)‑6‑(R/S‑α‑phenylethyl carbamate) 6R 
and 6S The cellulose derivative 5 (2.5 g) was dis-
solved in anhydrous DMF (50 mL). Either (R)-(+)-α-
methylbenzylamine or (S)-(−)-α-methylbenzylamine 
(5 molar eq. relative to the repeating units of cellulose 
derivative 5) was added dropwise, and the mixture was 
stirred at 50  °C for 24  h. The reaction mixture was 
allowed to cool to RT, and a large excess of EtOH was 
used to precipitate crude cellulose derivative 6R or 6S, 
which was then collected by vacuum filtration, washed 
with a large excess of EtOH and distilled water (two 
times each), and dried in a vacuum oven at 40 °C for 
2 days. Purification of cellulose derivatives 6R and 
6S was carried out by redissolution in DMF and rep-
etition of the sequence above. Yields: 6R: 2.45 g, 94 
wt%; 6S: 2.36 g, 90 wt%.

Synthesis of 3‑aminopropyl‑functionalized silica gel 
APS

Previously published procedures were adapted to 
synthesize 3-aminopropyl-functionalized silica gel 
(APS) as an inert carrier for the CSs (Engelhardt and 
Orth 1987; Yashima et  al. 1996; Okada et  al. 2016; 
Bui et al. 2022a). Silica gel (10 g) was immersed in 
toluene (200 mL) during mechanical stirring, and the 
mixture was dried by azeotropic distillation in a dry 
nitrogen atmosphere. After distilling off about half 
of the volume of toluene, the temperature of the sus-
pension was reduced to 80  °C, and  triethylamine (1 
mL) was added as a catalyst, followed by the addi-
tion of (3-aminopropyl)triethoxysilane (APTES, 10 
mL). The reaction mixture was mechanically stirred 
for 48 h. The suspension was then cooled to RT and 
the crude APS was collected by vacuum filtration 
through a sintered glass frit (DURAN®, porosity 4), 
washed with hot toluene (100 mL), EtOH (100 mL), 
and with distilled water (two times each with 200 
mL). APS was then dried at 40 °C in a vacuum oven 
for 2 days. Yield: 9.96 g.
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Silica coating and column packing

The coating amount of each CS (1, 6R, and 6S) on 
APS was 20 wt% (Zhang and Francotte 1995). The 
coating was performed according to a previously 
published protocol (Bui et al. 2022a). Column pack-
ing was carried out as described in Bui et al. (2022a, 
b).

HPLC method

The columns packed with modified silica gel—which 
was previously coated with cellulose derivatives/
selectors 1 (CSP1), 6R (CSP6R), and 6S (CSP6S)—
were rinsed with n-hexane/isopropanol in a stepwise 
gradient (30:70, 60:40, 90:10, v/v) before use. The 
concentration of the analytes was 1 mg/mL, the injec-
tion volume was 5 µL, and the flow rate was 1 mL/
min. The detection wavelength was set to 254  nm. 

Fig. 1    A Chemical synthesis of cellulose tris(3,5-dimeth-
ylphenyl carbamate) and B synthesis pathway towards the 
novel chiral selectors cellulose 2,3-bis(3,5-dimethylphenyl 
carbamate)-6-(R/S-α-phenylethyl carbamate) 6R and 6S. Con-

ditions: (a) pyridine, 110  °C, 24  h,  N2; (b) pyridine, 100  °C, 
14 h,  N2; (c) pyridine, 110 °C, 18 h,  N2; (d) THF, RT, 4 h,  N2; 
(e) DMAc/pyridine (9:1, v/v), 0 °C, 12 h,  N2; (f) DMF, 50 °C, 
24 h,  N2
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p-Cymene was used for dead time determination  (t0). 
All measurements were carried out in triplicate.

Results and discussion

Synthesis part

Cellulose tris(3,5‑dimethylphenyl carbamate) 1

The reference CS, i.e., cellulose tris(3,5-dimethyl-
phenyl carbamate), was synthesized (see Fig. 1A) and 
analytically characterized by ATR-FTIR, solid-state 
13C NMR, GPC, and EA. The solid-state 13C NMR 
spectra of cellulose derivative 1 versus the starting 

material (MCC) are shown in Fig. 2, the EA results of 
all reported cellulose derivatives are summarized in 
Table 1. The FTIR and solid-state 13C NMR spectra 
of cellulose derivative 1 were in full agreement with 
literature data (Liu et al. 2013; Wei et al. 2019; Bui 
et al. 2022a; Bui et al. 2022b). Cellulose derivative 1 
is a well-known CS in chiral HPLC column materi-
als and has been commercialized by several compa-
nies. However, we had to synthesize this reference 
CS in‑house to compensate for differences in silica 
gel dimensions, cellulose starting material, column 
dimensions, coating procedure, and packing proce-
dure—allowing for a fairer comparison between this 
reference and the novel CSs 6R and 6S described in 
this work. The DS of 3,5-dimethylphenyl carbamate 

C12

C6

C1
C7

C8, 10

C9C11 C2, 3, 5

MCC

1

C4

Fig. 2  Solid-state 13C NMR spectra of cellulose derivative 1 (red) versus microcrystalline cellulose (MCC, blue). The chemical 
structure of compound 1 is shown on the right

Table 1  Elemental analysis 
results of the reported 
cellulose derivatives

Deviations from the 
calculated values are 
the result of incomplete 
substitution

Compound Calculated (wt%) Found (wt%, n = 3)

C H N C H N

1 65.66 6.18 6.96 64.60 ± 0.05 6.05 ± 0.08 6.81 ± 0.02
2 71.87 6.03 – 71.77 ± 0.11 5.95 ± 0.15 –
3 72.51 6.09 3.84 71.68 ± 0.21 5.95 ± 0.08 3.53 ± 0.09
4 63.15 6.18 6.14 59.90 ± 0.07 6.27 ± 0.05 5.66 ± 0.07
5 64.57 5.59 4.86 61.27 ± 0.10 5.08 ± 0.14 4.48 ± 0.04
6R 65.66 6.18 6.96 63.42 ± 0.10 6.12 ± 0.19 6.22 ± 0.05
6S 65.66 6.18 6.96 63.79 ± 0.05 6.34 ± 0.09 6.29 ± 0.03
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substituents calculated based on the N content 
obtained by EA was 2.93 (98%). The molecular 
weight and dispersity of cellulose derivative 1 were 
172.3 kDa  (Mw) and 1.70 (Đ), respectively.

Influence of the cellulose allomorph on the tritylation 
reaction

In preliminary experiments, we observed that the het-
erogeneous tritylation of microcrystalline cellulose 
(= cellulose I) was less successful due to the high 
crystallinity of the starting material. Therefore, either 
the crystallinity had to be significantly reduced, or a 
homogeneous reaction was needed. For decreasing 
crystallinity and increasing accessibility, we chose 
mercerization and the resulting formation of cellu-
lose II over extensive milling, to avoid tribochemi-
cal side reactions and cellulose degradation (Revol 
et al. 1987). Instead of dissolving cellulose I (MCC) 
in DMAc/LiCl at high temperature and accompany-
ing degradation issues during heating (Potthast et al. 
2002; Chrapava et al. 2003), the obtained cellulose II 
allomorph was used as the alternative starting mate-
rial for tritylation.

Cellulose II was prepared according to the proto-
cols of Li et  al. (2008) and Kern et  al. (2000) with 
adjustments towards the complete removal of NaOH. 
The material was characterized by solid-state 13C 
NMR (see Fig. S1). In the solid-state 13C NMR spec-
trum of cellulose II, the decrease in intensity of the 
resonance at 88.8 ppm assigned to the crystalline 
region at C4 indicated that the degree of crystallin-
ity was significantly lower compared to the starting 
material (Park et al. 2009; Kim et al. 2013; Halonen 
et al. 2013; El-Kott et al. 2019).

Cellulose 6‑(4‑methoxytrityl ether) 2

Several tritylating reagents can be used to protect 
C6-OH of cellulose: 4,4′-dimethoxytriphenylmethyl 
chloride, 4-methoxytrityl chloride, and trityl chloride. 
The methoxy-substituted trityl chlorides were shown 
to have a higher reactivity in comparison to unsubsti-
tuted trityl chloride. Under otherwise similar reaction 
conditions, a DS of 0.96 was achieved during 4 h of 
reaction time with 4-methoxytrityl chloride as a reac-
tant, whereas 24 h were required in the case of trityl 
chloride. Furthermore, the detritylation time in the 
case of the methoxy-substituted trityl ether groups 

was only 5.5 h, while about 100 h were required for 
unsubstituted trityl ether groups. 4,4′-Dimethoxytri-
phenylmethyl chloride was less regioselective than 
the other two other trityl chlorides (Heinze et  al. 
1994; Gömez et al. 1996).

For tritylation, any residual NaOH from merceri-
zation needed to be removed to ensure a high yield 
of tritylation, fewer by-products, and a short reaction 
time. A treatment of cellulose II in pyridine at 100 °C 
for 8  h was applied to additionally swell the start-
ing material before its reaction with 4-methoxytrityl 
chloride (Mantanis et  al. 1995). Through this pre-
treatment, a comparably short reaction time (14  h) 
and high DS (0.98 by mean of UV/Vis measurement 
and 0.99 by EA, see also Supplementary Information) 
was achieved, which is an improvement compared to 
previously reported protocols (about 70–100 h) with 
DS of 0.97 and 0.93 (Kern et al. 2000; Li et al. 2008). 
The UV/Vis method to determine the DS of 4-meth-
oxytrityl ether was modified based on the protocol of 
(Gömez et  al. 1996) (see Method S1 in the Supple-
mentary Information).

The FTIR and solid-state 13C NMR spectra of 
cellulose derivative 2 versus cellulose II are shown 
in Figs. S2 and S3. The FTIR spectrum of cellu-
lose derivative 2 was consistent with literature data 
(Kern et al. 2000; Erdmenger et al. 2007) showing a 
decrease in the intensity of OH bands at 3467   cm− 1 
and the presence of bands assigned to the aromatic 
ring, especially the vibrations of  CH3–O–Ph at 1507 
and 1251   cm− 1. In the solid-state 13C NMR spec-
trum of cellulose derivative 2, the resonances of the 
aromatic ring at 158.5, 147.8, 141.2, 127.5, 113.6, 
the quaternary carbon (C7) at 86.1, and the O–CH3 
groups (C12) at 54.7 ppm confirmed successful trity-
lation. Cellulose derivative 2 was soluble in DMAc, 
DMF, 1,4-dioxane, THF, and acetone, which was also 
in agreement with the report of Gömez et al. (1996).

Cellulose 2,3‑bis(3,5‑dimethylphenyl 
carbamate)‑6‑(4‑methoxytrityl ether) 3

Carbamoylation with isocyanates was employed to 
introduce 3,5-dimethylphenyl carbamate substituents 
at the free C2- and C3-OH groups of the glucopyra-
nose units after tritylation/protection of C6-OH. The 
FTIR and solid-state 13C NMR spectra of the corre-
sponding cellulose derivative 3 versus  2 are shown 
in Figs. S4 and S5. The absence of OH bands around 
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3467 and the presence of amide (N-H) vibrations at 
3395, carbonyl (C=O) vibrations at 1723, aromatic 
ring signals at 1613, 1539, 1447, 836, and the C-O 
band at 1249   cm− 1 in the FTIR spectrum of cellu-
lose derivative 3 indicated a successful reaction, sup-
ported by the solid-state 13 C NMR spectrum with the 
carbonyl group resonance (C17) at 151.9,  CH3-Ph 
peak (C22) at 20.8, and aromatic carbon signals of 
3,5-dimethylphenyl carbamate at 137.6 and 115.1 
ppm. The DS of 3,5-dimethylphenyl carbamate calcu-
lated based on the N content of the EA results was 
1.84 (92%).

Cellulose 2,3‑bis(3,5‑dimethylphenyl carbamate) 4

For subsequent detritylation, to liberate the protected 
C6-OH, different concentrations of HCl were sug-
gested in the literature. The detritylation time had to 
be optimized and kept to a minimum, in order to limit 
cellulose degradation by acidic hydrolysis (Kont-
turi et  al. 2016), and also (minor) decarbamoylation 
(Acemoglu et al. 1998). A homogeneous detritylation 
approach was used and the minimum reaction time—
which has not been specified in previous works—was 
determined by a simple and fast thin-layer chromatog-
raphy (TLC) method based on a protocol by Gömez 
et al. (1996) (Method S2). The TLC chromatograms 
are shown in Fig. S6. After 4  h of detritylation, the 
yellow color of the 4-methoxytrityl cations disap-
peared at the starting point of the TLC plate, indicat-
ing that the detritylation has been completed.

The FTIR and solid-state 13C NMR spectra of cel-
lulose derivative 4 versus  3 are shown in Figs. S7 
and S8, respectively. The absence of bands assigned 
to  CH3–O–Ph of the 4-methoxytrityl ether at 1510, 
1248, and the recurrence of OH bands at 3467  cm− 1 
in the FTIR spectrum of cellulose derivative 4 sup-
ported the success of the detritylation. Also, the 
solid-state 13C NMR spectrum of compound 4 
showed a nearly complete absence of the 4-methoxy-
trityl group resonances (C11 at 158.8, C7 at 86.1, and 
C12 at 54.5 ppm), even though a minute peak of the 
O-CH3 groups (C12 at 54.5 ppm) remained still vis-
ible (see Fig. S8), which indicated a minor number of 
4-methoxytrityl groups still to be present. Therefore, 
a quantitative UV/Vis method was applied to deter-
mine the exact detritylation yield (Method S3), which 
was 96%, in agreement with the solid-state 13C NMR 
result. The DS of 3,5-dimethylphenyl carbamate 

based on the N content was still 1.84 (92%) —so the 
homogeneous detritylation during 4  h evidently did 
not affect the carbamate substituents at C2 and C3.

Cellulose 2,3‑bis(3,5‑dimethyl phenyl 
carbamate)‑6‑(phenyl carbonate) 5

Cellulose derivative 5 was synthesized by oxycar-
bonylation of C6-OH of cellulose derivative 4 with 
phenyl chloroformate to prepare a precursor, which 
subsequently was to be converted into cellulose 
derivatives 6R and 6S by carbonate aminolysis. Phe-
nyl chloroformate was chosen as a reagent due to its 
higher reactivity compared to p-nitrophenyl chloro-
formate (Bui et  al. 2022c; Bui et  al. 2022a). FTIR 
and solid-state 13C NMR spectra of cellulose deriva-
tives 5 versus 4 are shown in Fig. S9 and Fig. S10, 
respectively. The FTIR spectrum of cellulose deriva-
tive 5 again shows the absence of OH bands indicat-
ing full conversion of C6–OH. Also, the shift of the 
C=O band from 1723 (only carbamate vibrations) 
to 1747 (mixture of carbamate and carbonate), and 
an increase in the intensity of the C–O vibration at 
1208   cm− 1 (carbamate and carbonate) indicated that 
oxycarbonylation was successful. In solid-state 13  C 
NMR, the additional resonances of C25 at 120.7 and 
C26 at 129.4 ppm, and the chemical shift of C6 mov-
ing from 61.4 to 67.2 ppm in the carbonate derivative 
are supportive as well (Bui et al. 2022a). The DS of 
phenyl carbonate was 0.97 (see Supplementary Infor-
mation for the calculation).

Cellulose 2,3‑bis(3,5‑dimethylphenyl 
carbamate)‑6‑(R/S‑α‑phenylethyl carbamate) 6R 
and 6S

Aminolysis of the previously installed carbon-
ate moieties with enantiopure (R)- and (S)-α-
phenylethylamine was used to convert cellulose deriv-
ative 5 into the corresponding C6-(R/S-α-phenylethyl 
carbamates) yielding derivatives 6R and 6S as the 
final CSs (see Fig. 1B). With this synthesis sequence 
tritylation–carbamoylation–detritylation–oxycar-
bonylation–aminolysis in hand, it is now possible to 
increase the number of carbamate substituents for 
CSs significantly.

Aromatic amines cannot be used for the aminolysis 
of the carbonates due to their insufficient nucleophi-
licity (Elschner et  al. 2013). However, primary and 
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even secondary alkyl amines, being bulkier but usu-
ally also more nucleophilic, can be used in this way 
for obtaining carbamates by aminolysis, instead of the 
limited array of conventional, commercially available 
isocyanates.

The FTIR spectra of cellulose derivatives 6R 
and 6S versus  5 are shown in Fig. S11 and Fig. 
S12, respectively, and the corresponding solid-state 
13C NMR spectra in Fig.  3 and Fig. S13. The pres-
ence of a new band assigned to the N–H group at 
approx. 3390, the chemical shift of the C=O sig-
nal from 1747 (overlay of carbamate and carbonate 
vibrations) to approx. 1710   cm− 1 (only carbamate 
band), the decrease in the intensity of the C–O band 
at 1218  cm− 1 due to the loss of the phenyl carbonate 

moiety in the FTIR spectra of cellulose derivatives 
6R and 6S support the expected structure, as do the 
additional resonances in the 13C solid-state NMR 
spectra, assigned to C23 at 154.8, C30 at 144.4, C32 
at 127.5, C28 at 50.8 + 43.9, and C29 at 26.0 ppm. 
Liquid-state 13C NMR in pyridine-d5 as NMR sol-
vent was also further employed to evaluate the chemi-
cal structure of cellulose derivatives 6R and 6S (see 
Figs. S14 and S15). Due to rotational isomerism at 
the amide bond, C28 appeared at two resonances at 
approx. 52 and 44 ppm in the solid-state 13C NMR 
spectra, while there was only one signal at 52.0 ppm 
in the solution-state 13C NMR spectra. Apparently, 
the rotational barrier was already overcome in solu-
tion at the measurement temperature (28.1  °C). The 

Fig. 4  The chemical struc-
tures of the chiral analytes 
a–f 
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Fig. 3  Solid-state 13C NMR spectra of cellulose derivative 6R (blue) versus 5 (red)
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DS of R- and S-phenylethyl carbamate calculated 
based on the N content of the EA results were 0.84 
and 0.87, respectively. The molecular weights and 
dispersity of cellulose derivatives 6R and 6S were 
123.3 and 123.2 kDa, as well as 1.42 and 1.45 (Ɖ), 
respectively.

Enantioseparation evaluation

Six racemate pairs (α-methyl-D,L-phenylalanine 
methyl ester (a), Tröger’s base (b), 2-phenyl 
cyclohexanone (c), benzoin (d), Pirkle’s alcohol 

(e), and trans-stilbene oxide (f), Fig.  4) were used 
to exemplarily showcase the enantioseparation per-
formance of the newly developed column materials 
(CSP6R and CSP6S) in comparison to a reference 
column (CSP1) and a commercial stationary phase 
(CHIRALCEL® OD). The last two were based on 
cellulose tris(3,5-dimethylphenyl carbamate) as a CS.

The chromatographic retention index (k1), selec-
tivity (α), and resolution (Rs) data of the chiral ana-
lytes for all tested CSPs are summarized in Fig. 5 and 
Table  S1. Exemplary HPLC chromatograms of the 
analytes b and d are shown in Fig. 6.
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All of the selected chiral analytes were (at least 
partially) separated on both CSP1 and CHIRAL-
CEL® OD. Especially, the chiral analytes d, e, and f 
were baseline-separated with Rs > 1.5, while the ana-
lytes a, b, and c were partly separated. The selectivity 
of CSP1 was higher than that of CHIRALCEL® OD 
for the chiral analytes a, b, c, e, and f, while the reso-
lution on CHIRALCEL® OD was higher for analytes 
d and f. Overall, the resolution values of the reference 
CSP1 and the commercial column were quite com-
parable. The CHIRALCEL® OD column was used 
in this study as a benchmark column. However, dif-
ferences in silica gel dimensions (10 vs. 7  μm) and 
column dimensions (250 × 4.6 vs. 150 × 4  mm) with 
respect to the in‑house prepared material have to be 
considered, especially in terms of column efficiency.

Regarding the overall enantioseparation perfor-
mance of CSP6R and CSP6S, all of the selected chi-
ral analytes were at least partially separated with Rs 
< 1.5 (see Fig.  5 and Table S1) except analyte f on 
CSP6S. Though the selectivity values (α) for all chi-
ral analytes were rather similar, the resolution values 
of CSP6R were always higher than those of CSP6S. 
A somewhat higher resolution on CSP6R than on 
CSP1 was observed for chiral analytes a and b.

Conclusions and outlook

The critical synthetic aspects of tritylation and detri-
tylation for obtaining hetero-substituted cellulose 
derivatives to be used as chiral selectors in HPLC 
after coating onto silica gel were thoroughly opti-
mized. The benefit of using cellulose II as a starting 
material was also elaborated. In general, the newly 
developed CSPs have shown medium enantiosepa-
ration performance, although no clear trends can be 
identified at the moment and further evaluation with a 
bigger set of chiral analytes is necessary. Also, further 
tests with smaller silica particles and pore sizes for 
enhancing the column efficiency and overall resolu-
tion are needed (ongoing work) as well as the prepa-
ration of other CSs by using different chiral amines. 
The present work has laid the foundation for this 
endeavor, by providing an optimized synthesis meth-
odology and improved protocols for tritylation/detri-
tylation and cellulose carbonate aminolysis, which we 
hope will be found useful.
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