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chiral selectors was prepared and the obtained coated-
type chiral stationary phases were characterized by 
both solid-state 29Si NMR, 13C NMR, and elemental 
analysis. The enantioseparation performance of the 
chiral selectors was studied and compared to cellulose 
tris(3,5-dimethylphenyl carbamate) as a reference. 
With this protocol in hand, certain shortcomings of 
conventional approaches towards the regioselective 
synthesis of polysaccharide-based chiral selectors 
were overcome, such as the limitation to standard iso-
cyanate reagents, being able to apply now the whole 
wealth of commercially available (chiral) primary and 
also secondary alkylamines instead.

Abstract Novel chiral selectors based on cellu-
lose 2,3-bis(3,5-dimethylphenyl carbamate)-6-(α-
phenylethyl carbamate) were regioselectively syn-
thesized by carbonate aminolysis and isocyanate 
chemistry. By oxycarbonylation with phenyl chloro-
formate, carbamoylation with 3,5-dimethylphenyl 
isocyanate, and subsequent aminolysis of the previ-
ously introduced reactive carbonate moiety at C6 with 
enantiopure (R)-or  (S)-α-phenylethylamine, chiral 
selectors have been obtained, which regioselectively 
carry two different phenyl carbamate substituents. 
The cellulose derivatives were comprehensively char-
acterized by ATR-FTIR, solid-state NMR, GPC, and 
elemental analysis. In parallel, 3-aminopropyl-func-
tionalized silica gel as an inert carrier material for the 
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et  al. 2022; Yang et  al. 2022), e.g., by enzymes, as 
approaches to obtain enantiopure compounds or at 
least non-racemic mixtures are to be mentioned as 
well.

The trailblazer for the direct enantioseparation with 
chiral selectors (CSs) based on cellulose derivatives 
was inter alia the work by Hesse and Hagel (1973) 
who applied cellulose triacetate as a CS in chroma-
tography (Hesse and Hagel 1973). Since then, the 
importance of enantioseparation has been constantly 
increasing: in stereoselective synthesis (D’Orazio 
2020), the analysis of enantiomers in food products 
(Rocco et al. 2013; Fanali et al. 2019; Alvarez-Rivera 
et al. 2020), insecticides (Zhao et al. 2019), pesticides 
(Carrão et al. 2019), herbicides (Martín-Biosca et al. 
2001; Lao and Gan 2006; Jin et al. 2010), fungicides 
(Ying et  al. 2009), and in pharmaceutical products 
(Mukherjee and Bera 2012; Singh et al. 2020) due to 
the different properties of enantiomers in biological 
systems (Tang et al. 2011; Yin et al. 2019a).

A series of homo-substituted cellulose and amyl-
ose derivatives carrying phenyl carbamate and/
or benzoate moieties has been mainly developed 
by the Y. Okamoto, B. Chankvetadze, and E. Fran-
cotte research groups, and the respective CSPs were 
shown to possess a very high chiral discrimination 
capacity (Okamoto et  al. 1986; Okamoto and Kaida 
1994; Minguillón et al. 1996; Tang et al. 2010; Fanali 
et  al. 2019) and to separate up to 90% of all tested 

Introduction

The chemistry of living matter is well defined by 
asymmetric characteristics of naturally occurring 
organic compounds, i.e., the presence of stereoiso-
mers/enantiomers which exhibit different properties 
in chiral biological/biochemical systems (Pasteur 
1858; Berthod 2006). In 1848, Louis Pasteur mechan-
ically separated tartrate enantiomers under a micro-
scope, which eventually led to the development of the 
concept of chirality (Pasteur 1858; D’Orazio 2020). 
However, the separation of enantiomers is rarely pos-
sible by mechanical means. Nowadays, mostly chiral 
stationary phases in high-performance liquid chroma-
tography (HPLC) are used for the direct separation of 
pairs of enantiomers and other stereoisomers – both 
on an analytical and a preparative scale (Ahuja 1997; 
Subramanian 2008). Another separation approach is 
the use of chiral (enantiopure) mobile phase additives 
for the formation of transient diastereomeric species 
in HPLC – besides other indirect approaches, such 
as derivatization with chiral species and subsequent 
separation of the resulting diastereomers (Peng et al. 
2016; Yu et al. 2019; Ao et al. 2022; Chen et al. 2022; 
Bao et  al. 2022). Chiral/asymmetric synthesis (Xue 
et  al. 2018; Wojaczyńska and Wojaczyński 2020; 
Qian et al. 2021; Zhu et al. 2021; Sun et al. 2022) and 
the kinetic resolution of enantiomers (Musa 2020; 
Spelmezan et al. 2020; Harwood et al. 2021; Huang 
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racemic compounds or enantiomeric mixtures (Ikai 
and Okamoto 2009; Shen and Okamoto 2016; Yin 
et al. 2019a).

In some cases, hetero-substituted cellulose deriva-
tives were shown to have an even higher chiral sepa-
ration performance in comparison to the respective 
homo-substituted derivatives (Acemoglu et al. 1998; 
Felix 2001; Katoh et  al. 2011; Yin et  al. 2019b). In 
1993, Kaida and Okamoto pioneered the regioselec-
tive synthesis of hetero-substituted cellulose-type 
CSs, i.e., derivatives with more than one type of sub-
stituents, using sequential tritylation of C6–OH in 
cellulose and amylose followed by carbamoylation at 
C2–OH and C3–OH with isocyanates and subsequent 
deprotection (detritylation) (Kaida and Okamoto 
1993). Various CSs based on cellulose derivatives 
with different phenyl carbamate and/or benzoate sub-
stituents have been reported since then (e.g., (Chassa-
ing et al. 1996; Zheng et al. 2009; Shen et al. 2018). 
Several studies highlighted that the substituent at 
C6 of the AGU of the polysaccharide backbone had 
a significant influence on chiral recognition (Kaida 
and Okamoto 1993; Chassaing et  al. 1996; Acemo-
glu et al. 1998; Felix 2001). The synthesis pathways 
towards these hetero-substituted cellulose CSs are 
typically rather laborious, chemical- and time-con-
suming, and they involve protecting group chemis-
try in combination with reactive isocyanate reagents. 
Chassaing et al. 1997 reported that in the case of het-
ero-substituted celluloses a chiral phenyl carbamate 
at C6 besides achiral phenyl carbamates at C2 and 
C3 had better enantioseparation than the counterpart 
homo-substituted with phenyl carbamates (Chassaing 
et al. 1997).

Besides the chemical structure of the CS, the enan-
tioseparation performance of a coated chiral station-
ary phase is significantly dependent on the polysac-
charide raw material, its molecular weight (Ichida 
et al. 1984; Chassaing et al. 1997; Okada et al. 2016; 
Zhang et  al. 2020), the coating amount, the coating 
procedure and solvent used (Yashima et  al. 1996; 
Wei et al. 2019), as well as silica gel characteristics, 
such as particle size, dispersity, or pore size (Yashima 
et al. 1996; Qin et al. 2010; Bezhitashvili et al. 2017; 
Kohout et  al. 2019), and of course the respective 
analytes, the mobile phase and HPLC conditions 
(Yashima et  al. 1996; Bui et  al. 2021). To ensure 
an objective comparison and proper evaluation of 

the enantioseparation performance of novel CSs, all 
parameters except the actual chemical structures of 
these CSs should of course be kept constant.

Cellulose carbonates are a convenient platform for 
synthesizing cellulose derivatives, which is especially 
true for cellulose carbamate synthesis via aminolysis 
of the carbonates with simple primary and secondary 
alkyl  amines (Pourjavadi et  al. 2011; Elschner et  al. 
2013; Ganske and Heinze 2018). Cellulose aryl car-
bonates were shown to be more reactive than alkyl 
carbonates (Elschner and Heinze 2015). For details 
on carbonate aminolysis to obtain cellulose carba-
mates see the comprehensive studies by T. Heinze 
and others (Pourjavadi et  al. 2011; Elschner et  al. 
2013; Elschner and Heinze 2015; Ganske and Heinze 
2018). Different phenyl chloroformates have inter 
alia been evaluated as reagents for cellulose aryl car-
bonate synthesis and it was reported that most phenyl 
chloroformates react regioselectively (but not regio-
specifically) with C6–OH, rather than with C2–OH 
and C3–OH groups of cellulose (Elschner et al. 2014; 
Ganske and Heinze 2018).

To the best of our knowledge, a compatible combi-
nation of isocyanate chemistry and oxycarbonylation/
aminolysis has not yet been reported for the synthesis 
of hetero-substituted cellulose CSs. In this study, we 
present a sequence consisting of regioselective oxy-
carbonylation reaction with phenyl chloroformate at 
C6–OH, subsequent quantitative carbamoylation of 
C2–OH and C3–OH by isocyanates, and aminolysis 
of the reactive carbonate moieties, for the controlled 
synthesis of CSs bearing different substituents. The 
reactive carbonate moieties in this case are acting 
both as protecting group and reactive moiety for car-
bamate synthesis via aminolysis. The synthesis con-
ditions for all steps were comprehensively optimized. 
The chemical structures of the cellulose derivatives, 
intermediates, and the target CSs were analyzed by 
FTIR, solid-state 13C CP/MAS NMR, GPC, and 
elemental analysis (EA). In parallel, 3-aminopropyl-
functionalized silica gel as a carrier for the CSs was 
prepared from silica and trialkoxysilane precursors 
and characterized by both solid-state 29Si CP/MAS 
and 13C CP/MAS NMR as well as EA.

The enantioseparation performance of the CSs was 
evaluated by HPLC in comparison to two references, 
an in-house prepared CS and a commercially avail-
able chiral column, both being based on the common 
cellulose tris(3,5-dimethylphenyl carbamate) CS.
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Results and discussion

Synthesis of the reference compound for structural 
comparison

Cellulose tris(phenyl carbonate) 1 (Fig.  1A) was 
synthesized as a reference compound for structural 
comparison to cellulose 2,3-bis(3,5-dimethylphenyl 
carbamate)-6-(phenyl carbonate) 3, the latter being 
the precursor for the synthesis of the novel CSs 4R 
and 4S. The reaction has been optimized towards an 
almost quantitative conversion of all hydroxy groups 
of the polysaccharide backbone.

The oxycarbonylation reaction was evaluated by 
ATR-FTIR and the chemical structure of cellulose 

derivative 1 was confirmed by solid-state 13C NMR. 
Exemplary spectra are presented in Fig. S1 and Fig. 
S2, respectively (see Supplementary Information). 
The absence of IR bands from free OH groups at 
3400  cm−1, the presence of bands assigned to C=O at 
1763  cm−1, C=C aromatic rings at 1592, 1492, 1457, 
835   cm−1, as well as C-O at 1236 and 1205   cm−1 
indicate that microcrystalline cellulose, the start-
ing material used, was quantitatively oxycarbon-
ylated. The FTIR spectrum of cellulose derivative 1 
was fully consistent with literature data (Ganske and 
Heinze 2018). The solid-state 13C CP/MAS NMR 
spectrum with carbon signals assigned to the C=O 
group at 152.9 ppm and the aromatic ring at 120.7, 
126.1, 129.1, and 150.9 ppm confirmed this finding 

(A) (B)

(C)

Fig. 1    A Chemical synthesis of the reference compound 
cellulose tris(phenyl carbonate) 1; B synthesis of the refer-
ence chiral selector cellulose tris(3,5-dimethylphenyl carba-
mate) 2; and C  synthesis of the novel chiral selectors cellu-
lose 2,3-bis(3,5-dimethylphenyl carbamate)-6-(α-phenylethyl 

carbamate) 4R and 4S. Conditions: a  DMAc/LiCl/pyridine, 
0  °C, 12 h,  N2; b  pyridine, 110  °C, 24 h,  N2; c DMAc/LiCl/
pyridine, 0 °C, 12 h,  N2; d DMAc/LiCl/pyridine, 80 °C, 18 h, 
 N2; e DMF, 50 °C, 24 h,  N2
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(Fig.  2). The signal of the oxycarbonylated C6 was 
shifted downfield to 66.3 ppm.

Synthesis of the reference chiral selector

Cellulose tris(3,5-dimethylphenyl carbamate) was 
synthesized as a reference CS (Fig. 1B). This type of 
CS is a standard material in chiral separation columns 
and has been commercialized by several companies, 
e.g., Daicel Corp. and Phenomenex Inc. However, to 
compensate for differences in silica dimensions, cel-
lulose starting material, column dimensions, coating 
procedure, and packing, we have decided to synthe-
size the reference CS in-house, allowing for a fairer 
comparison between the reference CS and novel 
synthesized CSs (4R and 4S) since in this case all 
materials were processed in the same way. FTIR and 
solid-state 13C NMR spectra of cellulose derivative 
2 are shown in Fig. S3 and Fig. S4, and the related 
EA results are shown in Table 1, which also gives the 
values for the other cellulose derivatives synthesized. 

The FTIR spectrum of cellulose derivative 2 shows 
bands related to N-H at 3320, C=O at 1722, aro-
matic C=C at 1615, 1539, 1455, 839, and C-O at 
1213   cm−1, and the absence of bands from free OH 
groups in cellulose around 3400   cm−1, in agree-
ment with literature data (Liu et al. 2013; Wei et al. 
2019). The solid-state 13C NMR showed resonances 
at 152.6 (C=O), 138.3, 125.0, 116.1 (aromatic ring), 
and 20.8 ppm  (CH3), confirming successful carba-
moylation (Fig. S4). The chemical shift in solid-state 
13C NMR of the carbamoylated C6 was 64.9 ppm. 
The DS of the 3,5-dimethylphenyl carbamate moi-
ety calculated based on the N content (EA) was 2.93 
(98%). The molecular weight and dispersity of cellu-
lose derivative 2 were 172.3 kDa  (Mw) and 1.70 (Đ), 
respectively.

Synthesis of the precursor of the selectors

Oxycarbonylation with phenyl chloroformate at 
C6–OH, followed by carbamoylation with isocyanates 

Table 1  Elemental analysis results

 Deviations from the calculated values are the result of incomplete substitution

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

C H N C H N 

2 65.66 6.18 6.96 64.60 ± 0.05 6.05 ± 0.08 6.81 ± 0.02
3 64.57 5.59 4.86 63.37 ± 0.55 5.59 ± 0.17 4.99 ± 0.08
4R 65.66 6.18 6.96 63.71 ± 0.12 5.99 ± 0.44 6.58 ± 0.07
4S 65.66 6.18 6.96 63.43 ± 0.09 5.31 ± 0.49 6.51 ± 0.07
APS – – – 0.80 ± 0.01 0.14 ± 0.04 0.23 ± 0.00

Fig. 2  Solid-state 13C 
NMR spectra of the selec-
tors’ precursor 3 (blue) vs. 
the reference chiral selector 
2 (green) and the model 
compound for structural 
comparison 1 (red)
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at C2–OH and C3–OH, as a one-pot procedure, was 
used for the synthesis of compound 3 (Fig. 1C). Phe-
nyl chloroformate was chosen due to higher reactiv-
ity in this case in comparison to p-nitrophenyl and 
4-chlorophenyl chloroformates. The FTIR spectra 
of cellulose derivative 3 are shown in Fig. S5. The 
chemical structure of cellulose derivative 3 was addi-
tionally confirmed by solid-state 13C NMR analysis 
in comparison to derivatives 1 and 2. The respective 
spectra are shown in Fig. 2.

The absence of free OH groups (no bands around 
3400   cm−1), and bands for N-H at 3370   cm−1, 
C=O at 1742   cm−1 (superposition of carbon-
ate and carbamate carbonyls), C=C aromatic ring 
signals at 1612, 1543, 1453, 839   cm−1, and C-O 
at 1207   cm−1 in the FTIR spectrum indicated that 
both oxycarbonylation and carbamoylation reac-
tions proceeded successfully. The carbonyl signals 
of cellulose derivative 3 were at 1742  cm−1 in com-
parison to cellulose derivative 1 (1763   cm−1) and 
cellulose derivative 2 (1722   cm−1). The carbonate 
substituent, introduced first, remained stable during 
the subsequent carbamoylation reaction at elevated 
temperature (80  °C), which was also confirmed 
by solid-state 13C NMR: the “marker” signals of 
C9 and C10 at 121.0 and 129.1 ppm, respectively, 
indicate the phenyl carbonate moieties on cellulose 
derivative 3, while the signals of C13 and C15 at 
138.0, C14 at 115.8 and C17 at 20.8 ppm confirm 
the presence of the 3,5-dimethylphenyl carbamate 
substituents. The C6 resonance at 67.0 ppm indi-
cates that C6 is solely oxycarbonylated and not 
carbamoylated (see the downfield shift in compari-
son to compound 2 (64.9 ppm) in Fig. 2). The DS 

of the 3,5-dimethylphenyl carbamate based on the 
N content (EA) was calculated to be 2.05; the DS 
of phenyl carbonate was 0.93 (see Supplementary 
Information).

Synthesis of the novel chiral selectors by carbonate 
aminolysis

Oxycarbonylation at C6–OH, while having C2–OH 
and C3–OH carbamoylated, provides a “reactive pro-
tecting group” to be further modified by aminolysis. 
This converts the carbonate moiety into a carbamate. 
In this way, compound 3 was brought to reaction 
with two enantiopure alkyl amines: (R)- and (S)-α-
phenylethyl amine. Virtually any primary or even 
secondary alkyl amine can be used in this way for 
obtaining carbamate structures, and the scope thus 
goes far beyond the relatively few functionalities that 
are accessible today by standard isocyanate reagents. 
It is important to point out that aromatic amines can-
not be used for aminolysis of the carbonates due to 
their low nucleophilicity, which was already shown in 
a comprehensive study by (Elschner et al. 2013).

The FTIR spectra of cellulose derivatives 4R and 
4S vs. 3 are shown in Fig. S6 and Fig. S7, respec-
tively. The change of the carbonyl band from 1742 
to approx. 1710  cm−1 (carbamate) and the significant 
decrease in the intensity of C-O signals at 1217  cm−1 
indicate that the aminolysis reaction was success-
ful. The solid-state 13C NMR spectra of cellulose 
derivatives 4R and 4S vs. 3 are shown in Fig. 3 and 
Fig. S8. Characteristic resonances appear for C18 at 
approx. 51 ppm, C20 at 143 ppm, and C22 at 127 
ppm. The chemical shift of C7 changes from 151.7 in 

Fig. 3  Solid-state 13C 
NMR spectra of cellulose 
derivatives 4R (red) and the 
precursor 3 (blue)
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the carbonate to 154 ppm in the carbamate substitu-
ent, as well as the shift of the C6 from 67 ppm in the 
carbonate to 63 ppm in the product. The absence of 
resonances of the phenyl carbonate moiety (C9 and 
C10, Fig. 3 and Fig. S8) confirmed that the aminol-
ysis reactions proceeded nearly quantitatively. The 
degrees of substitution of the R- or S-α-phenylethyl 
carbamates, based on the N content from elemental 
analysis, were 0.78 and 0.75, respectively. The molec-
ular weights and dispersities of the cellulose deriva-
tives 4R and 4S were 238.8 and 234.2 kDa  (Mw), and 
3.53 and 2.76 (Ɖ), respectively.

Pre-functionalization of silica gel

The different silicon species and their resonances in 
solid-state 29Si NMR adapted from (Salon et al. 2007) 
are presented in Fig. 4A. The solid-state 29Si CP/MAS 
NMR spectra of APS vs. the non-modified silica gel 
starting material and the respective solid-state 13C 
NMR spectrum of APS are shown in Fig. 4B C. The 
EA results for APS are shown in Table 1. The  T2 and 
 T3 resonances at approx. −60 and −70 ppm, respec-
tively, in the solid-state 29Si NMR spectrum of APS 
indicate successful covalent modification of the silica 
gel, as does the presence of 13C resonances (solid-
state NMR)  (Cγ at approx. 42,  Cβ at approx. 22, and 
 Cα at approx. 10 ppm). The loading of aminopropyl 

T0

T3
T2

Cα

Cβ

Cγ

Silica

APS

APS

(A) (B)

(C)

Fig. 4   A Alkoxysilane linkages to silica and respective shift values for the different species in solid-state 29Si NMR; B Solid-state 
29Si CP/MAS NMR spectra of APS (blue) vs. non-modified silica gel (red); C The respective solid-state 13C NMR spectrum of APS 
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Fig. 5  The chemical structures of the chiral analytes a–j 
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Fig. 6   A Selectivity (α) and B resolution (Rs) for the chiral analytes a–j on CSP4R and CSP4S in comparison to CSP2 (in-house 
prepared reference) and commercially available  CHIRALCEL® OD (same selector structure as CSP2)
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 CHIRALCEL® OD with Rs = 0.17 and 0.58, respec-
tively, but not separated on CSP2. Chiral analyte h 
was baseline separated on  CHIRALCEL® OD with 
Rs = 1.86, but only partly on CSP2 (Rs = 1.27). Ana-
lytes a, b, d, f, and i were better resolved on CSP2, 
analytes e and g on  CHIRALCEL® OD. The high-
est selectivity and resolution among the tested chiral 
analytes on both CSP2 and  CHIRALCEL® OD was 
seen for analyte f (α = 3.19 and 2.97, Rs = 4.76 and 
4.60, respectively). Overall, the resolution values in 
the case of the reference CSP2 were quite compara-
ble to the commercial column  CHIRALCEL® OD. 
The  CHIRALCEL® OD column was added to this 
study as a commercially available benchmark col-
umn. Note some differences in silica gel dimensions 
(10 vs. 7  μm) and column dimensions (250 × 4.6 
vs. 150 × 4  mm) for  CHIRALCEL® OD and CSP2, 
respectively.

Regarding the enantioseparation performance of 
CSP4R and CSP4S, the chiral analytes a, b, d, e, f, 
g, and j were partly separated on these columns with 
Rs values < 1.5. The analytes b, d, e, and f were bet-
ter separated on CSP4S, while analytes a and j had 
higher resolution on CSP4R. The analytes c, h, and 
i were partly separated on CSP4R (Rs = 0.47, 0.37, 
and 0.61, respectively), but not on CSP4S. The chi-
ral analytes b and d gave higher resolution values on 
CSP4R/CSP4S than on the reference column CSP2, 
while CSP2 showed higher enantioseparation for the 
chiral analytes a, e, f, and g (see Fig. 6 and Table S1). 
The chiral analytes h and i gave higher resolution val-
ues on CSP2 compared to CSP4R, while they could 
not be separated on CSP4S with the applied mobile 

0 5 10 15 20
Time [min]

(A)

CSP4S

CSP2

CHIRALCEL® OD

CSP4R

0 10 20 30
Time [min]

CSP4R

CSP4S

CSP2

CHIRALCEL® OD

(B)

Fig. 7  HPLC chromatograms for A chiral analyte b and B compound j 

groups, calculated based on the N content from ele-
mental analysis, was 170 µmol/g (0.96 wt% N).

Evaluation of the enantioseparation performance

A series of ten chiral analytes (α-methyl-D,L-
phenylalanine methyl ester a, Tröger’s base b, a 
mixture of pseudoenantiomeric tert-butylcarbamoyl 
quinine and tert-butylcarbamoyl quinidine (ratio of 
2:1, c), 2-phenylcyclohexanone d, benzoin e, Pir-
kle’s alcohol f, trans-stilbene oxide g, mandelic acid 
isopropyl and methyl ester derivatives h and i, and 
1-(o-hydroxyphenyl)-3-phenyl-1-propanol j, see 
Fig.  5) was used to study the enantioseparation per-
formance of the developed column materials (CSP4R 
and CSP4S) in comparison to an in-house reference 
column (CSP2) and a commercial reference column 
 (CHIRALCEL® OD).

The chromatographic retention factor (k1), selec-
tivity (α), and resolution (Rs) data of the chiral ana-
lytes for all tested CSPs are summarized in Fig. 6 and 
Table S1. Example HPLC chromatograms for the chi-
ral analytes b and j are shown in Fig. 7.

All of the selected chiral analytes could  be – at 
least partially – separated on both the in-house pre-
pared reference material CSP2 and the commercially 
available  CHIRALCEL® OD column. Especially, 
the chiral analytes e, f, g, and i with Rs values > 1.5 
were baseline-separated, while the chiral analytes a, 
b, and d with 0 < Rs < 1.5 were at least partly sepa-
rated. The analytes c and j were partly separated on 
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phase conditions. The analyte j was partly separated 
on both CSP4R and CSP4S with Rs = 0.94 and 0.36, 
respectively, however, it could not be separated on 
CSP2. Analyte c was partly separated on CSP4R 
(Rs  =  0.47), but it could not be separated on both 
CSP4S and CSP2. It is noteworthy that the chiral 
analytes c and j had a higher resolution on CSP4R 
with Rs = 0.47 and 0.98 than on  CHIRALCEL® OD 
with Rs = 0.17 and 0.58, and they could not be sepa-
rated at all on CSP2.

Conclusion

Carbonate aminolysis and isocyanate chem-
istry were exploited to obtain novel cellulose 
2,3-bis(3,5-dimethylphenyl carbamate)-6-(α-
phenylethyl carbamate)-based CSs. The regiose-
lective oxycarbonylation of C6–OH of the poly-
saccharide backbone of cellulose with phenyl 
chloroformate for obtaining a “reactive protecting 
group” for later aminolysis of the carbonate moie-
ties was optimized. The hydroxy groups at C2 and 
C3 of the intermediate were subsequently carba-
moylated with 3,5-dimethylphenyl isocyanate in 
the second step of this one-pot procedure, having a 
DS of 3,5-dimethylphenyl carbamate of 2.05 and a 
DS of the phenyl carbonate of 0.93. Aminolysis of 
the reactive carbonate moiety with two exemplary 
enantiopure amines – (R)- and (S)-α-phenylethyl 
amine – yielded novel hetero-substituted cellulose-
based CSs. This protocol overcomes the limita-
tions of conventional approaches to CSs, set by the 
limited variety of isocyanates available. With this 
protocol in hand, cellulose carbamates are acces-
sible from simple alkyl  amines, which offer much 
wider substrate choices, without the need to resort 
solely to isocyanate chemistry. Two enantiopure 
compounds have been used as exemplary amines. 
However, virtually any primary and also second-
ary alkyl amine could be used, and this wealth of 
options will be exploited in our future work to opti-
mize enantioseparation. The obtained chiral selec-
tors were coated onto silica and the obtained CSPs 
were compared to an in-house prepared reference 
material and a commercial column material. The 
newly developed CSPs have shown good overall 
separation performance, well comparable to the 
commercial references, although no clear trends 

can be identified at the moment. Some of the chi-
ral analytes were even better separated on the novel 
CSPs than with the reference columns. We hope 
that with this work we have been able to demon-
strate that the synthesis of regioselectively modi-
fied chiral selectors by oxycarbonylation and sub-
sequent aminolysis is advantageously possible, that 
the resulting hetero-substituted cellulose deriva-
tives can be used as CSs for enantioseparation in 
chiral HPLC, and that this approach is certainly 
worth further exploitation.

Materials and methods

Materials

Microcrystalline cellulose  (Avicel® PH-101), 
p-cymene (99%), α-methyl-D,L-phenylalanine 
methyl ester (98%, a), Tröger’s base (98%, b), and 
trans-stilbene oxide (98%, g) were purchased from 
Sigma-Aldrich (Schnelldorf, Germany). Microcrys-
talline cellulose was dried at 40 °C in a vacuum oven 
for at least two days before use. Pseudoenantiomeric 
tert-butylcarbamoyl quinine and tert-butylcarbamoyl 
quinidine c  were kindly provided by Assoc.Prof. 
Dr. Michal Kohout (University of Chemistry and 
Technology, Prague, Czech Republic). 3,5-Dimeth-
ylphenyl isocyanate (> 98%), phenyl chloroformate 
(> 98%), (R)-(+)-α-phenylethyl amine (> 99%), (S)-
(-)-α-phenylethyl amine (> 98%), 2-phenylcyclohex-
anone (> 98%, d), benzoin (> 98%, e) and Pirkle’s 
alcohol (> 99%, f) were purchased from TCI Europe 
N.V. (Zwijndrecht, Belgium). The mandelic acid 
derivatives (h and i) and 1-(o-hydroxyphenyl)-3-phe-
nyl-1-propanol j  were synthesized in-house accord-
ing to standard procedures. Silica gel (7 μm, 1000 Å) 
was purchased from Daisogel Osaka Soda Co., Ltd. 
(Japan). Empty stainless HPLC columns (150 × 4 mm, 
i.d.) and column hardware were purchased from 
Bischoff Analysentechnik u. -geräte GmbH (Leon-
berg, Germany). A commercial  CHIRALCEL® OD 
column (10  μm silica gel, 250 × 4.6  mm, i.d.) from 
Daicel Chiral Technologies Europe SAS (Illkirch 
Cedex, France) was used for comparative purposes. 
The organic solvents such as N,N-dimethylacetamide 
(DMAc), N,N-dimethylformamide (DMF), toluene, 
and pyridine were all reagent grade and dried over 
3 Å molecular sieves (Sigma-Aldrich, Schnelldorf, 
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Germany) for at least three days before use. Ethanol 
(EtOH) and methanol (MeOH) for precipitation and 
washing were of technical grade and obtained from 
Carl Roth GmbH + Co. KG (Karlsruhe, Germany) or 
Fisher Scientific (Vienna, Austria). The HPLC sol-
vents n-hexane (95%) and 2-propanol (99.9%) were 
obtained from Fisher Scientific.

Instrumentation

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 evaluated using SpectraGryph software 
(version v1.2.15). Solid-state 13C CP/MAS (12 kHz) 
and 29Si CP/MAS (8  kHz) NMR experiments were 
carried out with an Avance III HD instrument 
(Bruker, Rheinstetten, Germany) with a resonance 
frequency of 100.67  MHz for 13C and 79.53  MHz 
for 29Si. Data processing was carried out with ACD/
NMR Processor Academic Edition 12.01 and Top-
Spin 3.6.2 software (Bruker). Chemical shifts (δ) are 
given in ppm. Elemental analyses were carried out at 
the microanalytical laboratory of the University of 
Vienna with a EURO EA 3000 CHNS-O instrument 
(HEKAtech, Wegberg, Germany), and halide contents 
were determined by argentometry. GPC analyses were 
performed according to standard procedures (Jusner 
et  al. 2022). An Agilent Technologies, Inc. (Santa 
Clara, CA, USA) 1100 HPLC apparatus equipped 
with a quaternary pump (G1311A), autosampler 
(G1313A), and DAD (G1315A) was used to evaluate 
the enantioseparation performance of the chiral col-
umns. OpenLab CDS software (Agilent) was used for 
chromatography data processing and evaluation.

Synthesis

Synthesis of cellulose tris(phenyl carbonate) 1

Cellulose tris(phenyl carbonate) was synthesized 
according to a protocol by (Ganske and Heinze 2018) 
with modification. Microcrystalline cellulose (1.0 g) 
was immersed and vigorously stirred in anhydrous 
DMAc (30 mL) under a dry nitrogen atmosphere. The 
suspension was heated at 120 °C for 2 h. Anhydrous 
LiCl (1.8 g) was slowly added after cooling down to 
< 90  °C, and the mixture was continuously stirred 

at RT until a clear solution was formed. Anhydrous 
pyridine (3.0 mL) was slowly added to the solution, 
which was then cooled to 0 °C by an ice/water bath. 
Phenyl chloroformate (6 molar equivalents with 
respect to the AGU repeating unit of cellulose) was 
added dropwise to the solution and the mixture was 
allowed to stir for 12 h. The mixture was added to a 
large excess of distilled water (DW) for the precipita-
tion of crude cellulose derivative 1, which was then 
collected by vacuum filtration, washed with a large 
excess of DW and with EtOH (2 × each), and dried at 
40 °C in a vacuum oven for two days. Crude cellulose 
derivative 1 was re-dissolved in acetone (250 mL) 
and residual LiCl was separated by vacuum filtra-
tion through a sintered frit. Acetone was evaporated 
for the most part by rotary evaporation under reduced 
pressure and cellulose derivative 1 was precipitated in 
EtOH, collected by vacuum filtration, washed with a 
large excess of EtOH and DW (2 × each), and dried at 
40 °C in a vacuum oven for two days. Yield: 2.66 g, 
83 wt%. Cellulose derivative 1 is soluble in DMAc, 
acetone, pyridine, DMF, and THF.

Synthesis of cellulose tris(3,5-dimethylphenyl 
carbamate) 2

Synthesis protocols based on (Okamoto et  al. 1984) 
and (Miaomiao et al. 2017) were applied with modi-
fications to synthesize cellulose tris(3,5-dimethylphe-
nyl carbamate) as a reference CS. Microcrystalline 
cellulose (2.0 g) was immersed and vigorously stirred 
in anhydrous pyridine (40 mL) under a dry nitrogen 
atmosphere. 3,5-Dimethylphenyl isocyanate (6 molar 
equivalents with respect to the AGU repeating unit of 
cellulose) was added dropwise. The temperature of 
the suspension was increased to 110 °C and the car-
bamoylation reaction was continued for 24 h. A large 
excess of MeOH was used to precipitate crude cel-
lulose derivative 2, which was then collected by vac-
uum filtration, washed with MeOH and with DW (2 × 
each), and then dried in a vacuum oven at 40 °C for 
two days. Further purification of cellulose derivative 
2 was performed by re-dissolution in pyridine and re-
precipitation in MeOH, vacuum filtration, and wash-
ing of the precipitate with MeOH and with DW (2 × 
each). The purified cellulose derivative 2 was dried in 
a vacuum oven at 40 °C for two days. Yield: 5.73 g, 
77 wt%. Cellulose derivative 2 is soluble in pyridine, 
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acetone, DMAc, DMF, and THF, but not in acetoni-
trile. Swelling was observed in  CHCl3.

One-pot two-step synthesis of cellulose 
2,3-bis(3,5-dimethylphenyl carbamate)-6-(phenyl 
carbonate) 3

Microcrystalline cellulose (3.0 g) was immersed and 
vigorously stirred in anhydrous DMAc (90 mL) under 
a dry nitrogen atmosphere. The mixture was heated at 
120 °C for 2 h. After cooling down to < 90 °C, anhy-
drous LiCl (5.4 g) was slowly added to the suspension 
and the mixture was continuously stirred at RT until 
a clear solution was formed. Anhydrous pyridine (9.0 
mL) was then added to the solution, which was cooled 
down to 0 °C by an ice/water bath. Phenyl chlorofor-
mate (1.5 molar equivalents with respect to the AGU 
repeating unit of cellulose) was added dropwise. The 
oxycarbonylation reaction was carried out for 12  h. 
Then, anhydrous pyridine (30 mL) was added to the 
solution, which was heated to 80 °C, followed by the 
dropwise addition of 3,5-dimethylphenyl isocyanate 
(5 molar equivalents with respect to the AGU repeat-
ing unit of cellulose). The carbamoylation reaction 
was performed for 18  h at 80  °C. The solution was 
cooled down to RT and a large excess of DW was 
used to precipitate crude cellulose derivative 3, which 
was collected by vacuum filtration, washed with a 
large excess of DW and with EtOH (2 × each), and 
dried at 40 °C in a vacuum oven for two days. Crude 
cellulose derivative 3 was re-dissolved in acetone 
(750 mL), and residual LiCl was separated by vac-
uum filtration through a sintered glass frit. Acetone 
was evaporated for the most part by rotary evapora-
tion under reduced pressure and cellulose deriva-
tive 3 was re-precipitated in a large excess of EtOH, 
collected by vacuum filtration, washed with a large 
excess of EtOH and with DW (2 × each), and dried at 
40 °C in a vacuum oven for two days. Yield: 9.76 g, 
92 wt%. Cellulose derivative 3 is soluble in DMAc, 
pyridine, acetone, DMF, and THF.

Synthesis of cellulose 2,3-bis(3,5-dimethylphenyl car
bamate)-6-((R/S)-α-phenylethyl carbamate) 4R and 
4S

Cellulose derivative 3 (2.5  g) was stirred in anhy-
drous DMF (50 mL) under a dry nitrogen atmos-
phere until a clear solution was formed. Either 

(R)-(+)-α-methylbenzylamine or (S)-(-)-α-
methylbenzylamine (5 molar equivalents with respect 
to the repeating unit of cellulose derivative 3) was 
added dropwise, and the aminolysis reactions were 
performed at 50 °C for 24 h. After cooling down to 
RT, a large excess of EtOH was used to precipitate 
crude cellulose derivatives 4R or 4S, which were then 
collected by vacuum filtration, and washed with a 
large excess of EtOH and DW (2 × each). Crude cel-
lulose derivative 4R or 4S was re-dissolved in DMF, 
re-reprecipitated in a large excess of EtOH, collected 
by vacuum filtration, and washed with a large excess 
of EtOH and with DW (2 × each). Purified cellulose 
derivative 4R or 4S was dried at 40 °C in a vacuum 
oven for 2 days. Yield 4R: 2.37 g, 91 wt%; 4S: 2.42 g, 
93 wt%. Cellulose derivatives 4R and 4S are soluble 
in pyridine, acetone, DMAc, DMF, and THF, but not 
in acetonitrile. Swelling was observed in  CHCl3.

Synthesis of 3-aminopropyl-functionalized silica gel 
(APS)

The protocols reported by (Engelhardt and Orth 1987; 
Yashima et al. 1996; Okada et al. 2016) were adapted 
to synthesize 3-aminopropyl-functionalized silica gel 
(APS) as an inert carrier for the CSs. Silica gel (10 g) 
was immersed in toluene (200 mL), mechanically 
stirred, and the mixture was dried by azeotropic dis-
tillation in a dry nitrogen atmosphere. After distilling 
off about half of the volume of toluene, the tempera-
ture of the suspension was reduced to 80 °C, triethyl-
amine (1 mL) was added as a catalyst, followed by the 
addition of (3-aminopropyl)triethoxysilane (10 mL). 
The reaction mixture was allowed to stir for 48 h. The 
suspension was then cooled down to RT and 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 
DW (2 × 200 mL). APS was then dried at 40 °C in a 
vacuum oven for two days. Yield: 9.96 g.

CSP preparation and HPLC method

Silica coating

The coating amount of each CS on APS was 20 wt% 
(Zhang and Francotte 1995). The coating was per-
formed in three steps for the most homogeneous pos-
sible distribution of the CS on APS (Wei et al. 2019). 



165Cellulose (2023) 30:153–168 

1 3
Vol.: (0123456789)

CS (0.4  g) was dissolved in THF (40 mL) and the 
homogeneous solution was transferred to a round-bot-
tomed flask that contained dry APS (3.2 g). THF was 
slowly evaporated at 40  °C at 357 mbar in a rotary 
evaporator. Then, a solution of CS (0.2 g) dissolved in 
THF (20 mL) was added to the round-bottomed flask, 
and the solvent was evaporated again. The coating 
process was repeated once more. After solvent evapo-
ration and drying in a vacuum oven at 40  °C over-
night, the coated silica particles were sieved through 
an analytical sieve before packing (40 μm mesh size).

Column packing

The coated and sieved silica particles (2.3  g) were 
suspended in a mixture of isopropanol (20 mL) and 
acetic acid (100 µL). The mixture was sonicated for 
20  min to form a homogeneous slurry, which was 
then packed in-house under high pressure (max. 
290 bar) into an empty stainless steel HPLC column. 
As a compacting agent, MeOH was used (app. 120 
mL). After packing, the columns were rinsed with 
isopropanol until use.

HPLC method

The columns packed with CSP2 (CS = cellu-
lose derivative 2), CSP4R (CS = 4R), and CSP4S 
(CS = 4S) 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 
each. The flow rate and injection volume were set to 1 
mL/min and 5 µL, respectively. The absorbance of all 
analytes was recorded at 254 nm. p-Cymene was used 
to determine the dead time  (t0). All measurements 
were carried out in triplicate.
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