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Introduction

The preparation of optically active compounds has become
increasingly important in the fields of drugs, agrochemicals,
foods, and functional materials, such as ferroelectric liquid
crystals and organic nonlinear optical molecules. Over the
past few decades, the direct enantioseparation in high-per-
formance liquid chromatography (HPLC) has significantly
advanced as a practical method for obtaining both enantio-
mers,[1] and has become an indispensable technology partic-
ularly for the development of new chiral drugs.[2]

Among the large number of chiral selectors already re-
ported,[3] polysaccharide derivatives, such as cellulose 3,5-di-

methylphenylcarbamate (1 in Figure 1), have been recog-
nized as the most powerful for both analytical and prepara-
tive separations.[4] These polysaccharide-based chiral pack-
ing materials (CPMs) have been conventionally prepared by
coating or immobilizing the polysaccharide derivatives (ap-
proximately 20 wt%) on a macroporous silica gel support.
This means that a major portion of the CPMs (80 wt%) con-
sists of an achiral silica gel, which is inactive for chiral rec-
ognition. Thus, the current CPMs require improvement for
large-scale preparative separation.
Although the polysaccharide content in the CPMs needs

to be high in order to perform efficient preparative separa-
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Shiroko-cho, Suzuka 510-0294 (Japan) Figure 1. Structures of the cellulose derivatives 1 and 2.
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tions, it is difficult to increase the content obtained by the
conventional method without compromising the perfor-
mance. In order to increase the enantioselective sites in the
CPMs, the bead-type CPMs, which are prepared from only
polysaccharide derivatives without silica gel, have been de-
veloped and shown to have a higher loading capacity than
the conventional coated-type CPMs.[5–8] However, these
bead-type CPMs suffer from a low mechanical resistance
against high pressure arising from the absence of solid inor-
ganic supports.
In the present study, we propose the hybrid bead-type

CPM for preparative separation, which is prepared from cel-
lulose 3,5-dimethylphenylcarbamate 2 containing a small
number of 3-(triethoxysilyl)propyl groups in the presence of
tetraethyl orthosilicate (TEOS), by a sol-gel reaction. The
obtained hybrid bead was packed into an HPLC column
and its recognition ability was compared to the commercial-
ly available immobilized-type CPM, Chiralpak IB, which is
prepared by the immobilization of derivative 1 on a silica
gel.

Results and Discussion

Preparation of the Hybrid
Bead-Type CPM-1 Using
Cellulose Derivative 2 and

TEOS

The cellulose derivative 2 was
synthesized by the stepwise ad-
ditions of 3,5-dimethylphenyl
isocyanate and 3-(triethoxysi-
lyl)propyl isocyanate according
to a previous method
(Figure 2).[9,10] The ratio of the
(3,5-dimethylphenylcarbamate)/
(3-(triethoxysilyl)propylcarba-
mate) was determined to be
98:2 from the ratio of the (aro-
matic proton)/ ACHTUNGTRENNUNG(SiCH2) in the
1H NMR spectrum.
Figure 3 shows the prepara-

tion method and scanning elec-
tron microscope (SEM) image

of the hybrid bead-type CPM-1. Preparation was by the dis-
solution of 2 (0.25 g) and TEOS (2.0 mL) in a mixture of
tetrahydrofuran (THF), 1-heptanol, H2O, and trimethylsilyl
chloride(24/6/1/0.5,
v/v/v/v=31.5 mL), and then heating for 9 h at 80 8C. The
pretreated solution was then added dropwise to a 0.2%
aqueous solution (500 mL) of sodium lauryl sulfate with me-
chanical stirring (1100 rpm) at 80 8C. After the sol-gel reac-
tion for 1 h at 80 8C, the hybrid beads were isolated by filtra-
tion of the suspension. Spherical-shaped hybrid beads with a
mean particle size less than 20 mm were obtained (Figure 3).
The organic and inorganic contents in the obtained hybrid
bead-type CPM-1 were estimated to be 69 wt% and
31 wt%, respectively, from thermogravimetric (TG) analysis
(Code 2 in Table 1).
The hybrid bead-type CPM-1 could be packed into an

HPLC column at a pressure of 400 kg/ cm2 without any
change in its spherical shape. This behavior is different from
the previous bead-type CPMs prepared from only organic
components, namely, polysaccharide derivatives and diiso-
cyanates.[7,8] These could not be packed under high pressure,

because the beads were crushed in the column and the elu-
ents could not flow. These results indicate that the inorganic
component in the hybrid bead provides a supporting role
and confers sufficient mechanical resistance to the CPM.

Abstract in Japanese:

Figure 2. Synthesis of the cellulose derivative 2 bearing a triethoxysilyl group.

Figure 3. Preparation and SEM image of the hybrid bead-type CPM-1.

Table 1. The organic and inorganic contents in the hybrid beads prepared
from 2 and TEOS by sol-gel reaction.[a]

Code 2 [g] TEOS [mL] Organic/inorganic [wt%/wt%]

1 0.25 1.0 80:20
2 0.25 2.0 69:31
3 0.25 3.0 57:43

[a] The organic and inorganic contents in the hybrid beads were deter-
mined by thermogravimetric (TG) analysis.
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When the amount of TEOS was decreased from 2.0 mL
to 1.0 mL (Code 1 in Table 1), the inorganic content in the
hybrid material was decreased to 20 wt%. This hybrid did
not possess enough mechanical strength to endure a pres-
sure of 400 kg/ cm2 and could therefore, not be used as a
CPM. Although the inorganic content was increased to
43 wt% using 3.0 mL of TEOS (Code 3 in Table 1), most of
the obtained hybrid material had no spherical shape. In
order to prepare a stable micelle and a spherical hybrid
bead, an appropriate lipophilicity in the pretreated solution
of 2 and TEOS may be necessary. With respect to mechani-
cal strength and the shape of the hybrid materials, the
hybrid bead-type CPM-1 (Code 2 in Table 1) seems to be
preferable.
The solid-state 29Si CP/MAS NMR (59.6 MHz) spectrum

of the hybrid bead-type CPM-1 is shown in Figure 4. Besides

a small peak around �65 ppm, which was derived from the
3-(triethoxysilyl)propylcarbamate residue in the cellulose
derivative, four intense peaks were observed at 13, �91,
�101, and �109 ppm, which were assigned to the trimethyl-
silyl group (Si ACHTUNGTRENNUNG(CH3)3), Q

2 (Si(OH or OEt)2ACHTUNGTRENNUNG(OSi)2), Q
3

(Si(OH or OEt) ACHTUNGTRENNUNG(OSi)3), and Q
4 species (Si ACHTUNGTRENNUNG(OSi)4), respec-

tively.[11] The presence of the Q2 and Q3 species indicates
that the polycondensation of TEOS did not proceed to com-
pletion and the silanol or ethoxysilyl groups remained in the
hybrid bead-type CPM-1.
In order to investigate the distribution of the organic and

inorganic components in the hybrid bead, elemental map-
ping analysis of the hybrid bead-type CPM-1 was carried
out. Figure 5 shows the energy-dispersive X-ray (EDX)

mapping patterns of the hybrid bead-type CPM-1. The area
of the EDX mappings completely corresponds to that of the
SEM image in Figure 3. The bright spots in Figures 5a and
5b represent the distribution of nitrogen in the organic com-
ponent and silicon in the inorganic component, respectively.
These results suggest that no phase separations occurred at
least in the micrometer scale range and both the organic
and inorganic components were well dispersed on the sur-
face of the hybrid bead-type CPM-1.

Chiral Recognition Ability of the Hybrid Bead-Type CPM-1

The chiral recognition ability of the hybrid bead-type CPM-
1 was evaluated using the ten racemates shown in Figure 6.
Figure 7 shows the chromatogram for the resolution of the

racemic 2,2,2-trifluoro-1-(anthryl)ethanol 11 on the hybrid
bead-type CPM-1. The enantiomers were eluted at the re-
tention times of t1 and t2 with baseline separation. The dead
time (t0) was estimated to be 2.82 min. The capacity factors,
k1’[=ACHTUNGTRENNUNG(t1-t0)/t0] and k2’[= ACHTUNGTRENNUNG(t2-t0)/t0] , were determined to be 5.19
and 9.89, respectively, which led to the separation factor a

(=k2’/k1’) of 1.91. The resolution results on the hybrid bead-
type CPM-1 are summarized in Table 2 together with the re-
sults on the coated-type CPM-2 and the commercially avail-
able Chiralpak IB,[12] which were prepared by coating 2 and
immobilizing 1 on silica gel, respectively.
Although the elution orders of the enantiomers on both

the hybrid bead-type CPM-1 and the coated-type CPM-2
were the same using a hexane/2-propanol (90:10) mixture as
the eluent, the hybrid bead-type CPM-1 showed a lower
chiral recognition than the coated one, especially for race-
mates 4 and 7. The low enantioselectivity may be caused by
the non-enantioselective adsorption on the silanol groups re-
maining in the hybrid bead and the slightly different higher
order structure of the cellulose derivative in both the CPMs.

Figure 4. Solid-state 29Si CP/MAS NMR spectrum of the hybrid bead-
type CPM-1 at RT.

Figure 5. Energy-dispersive X-ray (EDX) mapping patterns of nitro-
gen (a) and silicon (b) in the hybrid bead-type CPM-1.

Figure 6. Structures of the racemates.

Figure 7. Chromatogram for the resolution of 11 on the hybrid bead-type
CPM-1 with hexane/2-propanol (90:10) as eluent.
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However, the hybrid bead-type CPM-1 exhibited a chiral
recognition similar to Chiralpak IB with the hexane/2-prop-
anol mixture, except for racemates 11 and 12.
While the cellulose derivative 2 was soluble in THF, the

major part (80 wt%) of the hybrid bead-type CPM-1 was in-
soluble. This suggests that molecules of 2 in the hybrid bead
partly formed cross-links with themselves or with the silica
component through the polycondensation of alkoxysilyl
groups during the sol-gel reaction. The eluents containing
less than 20% chloroform or 10% THF could be used with
the hybrid bead-type CPM-1. However, the eluents contain-
ing higher contents of chloroform and THF could not be
used, because the CPM-1 was highly swollen or partly solu-
ble in the eluents, and the column pressure became too
high. After the additional treatment of the hybrid bead-type
CPM-1 under an acidic condition (see Experimental Sec-
tion),[10] the cross-linking reaction proceeded in the hybrid
bead and the content of the insoluble part increased to
94 wt%. Even in this case, the hybrid bead was still swollen
in chloroform and THF, and therefore, could not be used.
The resolution results of the hybrid bead-type CPM-1 and

Chiralpak IB with the eluents containing 10% chloroform
are listed in Table 2. It was
found that some racemates
could be more efficiently re-
solved with the eluent contain-
ing chloroform than with the
eluent consisting of the
hexane/2-propanol mixture
and the a values obtained on
the hybrid bead-type CPM-1
were close to those obtained
on the coated one.[13] The
hybrid bead-type CPM-1 also
showed a similar or slightly
lower chiral recognition com-
pared to Chiralpak IB.
The polysaccharide contents

in the conventional CPMs,
such as the coated-type CPM-
2 and Chiralpak IB, are usual-

ly less than 20 wt%, while the organic components of the
hybrid bead-type CPM-1 are 69 wt%, mainly composed of
the cellulose derivative. Because the amount of the cellulose
derivative in the CPMs significantly influences the capacity
factors, the hybrid bead-type CPM-1 showed a much higher
capacity factor than the other two.

Comparison of Loading Capacity Between the Hybrid
Bead-Type CPM-1 and Chiralpak IB

The loading capacity of a chiral column is a particularly im-
portant factor for preparative separation, because this deter-
mines the maximum amount of racemates resolved on a
column. In order to demonstrate the potential of the hybrid
bead-type CPM-1 for preparative separation, the loading ca-
pacities on the hybrid bead-type CPM-1 and Chiralpak IB
were compared using 2,2,2-trifluoro-1-(anthryl)ethanol 11
and trans-stilbene oxide 5 racemates.
Figure 8a shows the results of the preparative separation

of 11 on the hybrid bead-type CPM-1 with a hexane/2-prop-
anol (90:10) mixture as the eluent at the flow rate of
1.0 mLmin�1. Although the individual enantiomers eluted

Table 2. Resolution of racemates 3–12 on the hybrid bead-type CPM-1, coated-type CPM-2, and Chiralpak IB.[a]

Hybrid bead-type CPM-1 Coated-type CPM-2 Chiralpak IB
Eluents H/I (90:10) H/C/I (90:10:1) H/I (90:10) H/I[b] (90:10) H/C/I (90:10:1)

Racemates k1’ a k1’ a k1’ a k1’ a k1’ a

3 3.84 (�) 1.21 3.92 (�) 1.21 1.20 (�) 1.31 1.00 (�) 1.14 1.09 (�) 1.16
4 6.00 (+ ) 1.33 6.02 (+ ) 1.27 0.94 (+ ) 1.63 0.96 (+ ) 1.22 1.16 (+ ) 1.22
5 2.15 (�) 1.76 2.63 (�) 2.16 0.73 (�) 1.52 0.55 (�) 1.77 0.71 (�) 2.37
6 3.71 (+ ) 1.23 6.83 (+ ) ~1 1.49 (+ ) 1.21 1.12 (+ ) 1.22 2.12 (+ ) 1.15
7 4.45 (�) 2.38 18.3 (�) 1.44 1.58 (�) 4.49 1.48 (�) 2.72 6.38 (�) 1.57
8 7.91 (+ ) 1.26 12.0 (+ ) 1.29 2.62 (+ ) 1.30 2.00 (+ ) 1.33 3.05 (+ ) 1.39
9 4.44 (�) 1.18 4.71 (�) 1.17 1.49 (�) 1.17 1.13 (�) 1.26 1.30 (�) 1.37
10 2.67 (+ ) ~1 1.09 1.0 0.68 (+ ) ~1 3.15 (+ ) ~1 1.26 1.0
11 5.19 (�) 1.91 34.9 (�) 2.29 1.78 (�) 2.19 1.54 (�) 2.42 11.6 (�) 2.96
12 3.11 (+ ) 1.16 – 1.15 (+ ) 1.41 0.86 (+ ) 1.89 –

[a] The signs in parentheses represent the optical rotation of the first-eluted enantiomer. Eluent: H, hexane; I, 2-propanol; C, chloroform. Column:
25 cm by 0.46 cm I.D. Flow rate: 1.0 mL min�1. [b] Data from Ref. [12]. Flow rate: 0.5 mL min�1.

Figure 8. Preparative separation of rac-2,2,2-trifluoro-1-(anthryl)ethanol 11 with hexane/2-propanol (90:10) as
eluent: a) hybrid bead-type CPM-1 at flow rate of 1.0 mLmin�1; b) Chiralpak IB at flow rate of 1.0 mLmin�1;
c) hybrid bead-type CPM-1 at flow rate of 2.0 mLmin�1.
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faster and the two peaks became closer with an increase in
the loading sample from 20 mg to 50 mg, the hybrid bead-
type CPM-1 could almost completely resolve 50 mg of the
racemate, whereas Chiralpak IB showed overlapping peaks
for the 50 mg loading (Figure 8b). In the case of the prepa-
rative separation of 5 with a hexane/chloroform (80:20) mix-
ture as the eluent at a flow rate of 0.5 mLmin�1, a larger
amount of the sample could also be resolved on the hybrid
bead-type CPM-1 than on Chiralpak IB (Figures 9a and
9b).

Under the same chromatographic condition, however, the
amount of pure enantiomers obtained per unit time on the
hybrid bead-type CPM-1 did not increase, arising from the
higher retention time compared to Chiralpak IB. Therefore,
the eluting time on the hybrid bead-type CPM-1 was set to
that on Chiralpak IB by adjusting the flow rate, and the effi-
ciency of the preparative separations was reevaluated for 11
and 5 (Figures 8c and 9c). These results clearly indicate that
a higher throughput preparation of optically active com-
pounds could be achieved using the hybrid bead-type CPM-
1 compared to Chiralpak IB.

Conclusions

An organic-inorganic hybrid material as a CPM for prepara-
tive separation by HPLC was prepared from the cellulose
3,5-dimethylphenylcarbamate having a small number of 3-
(triethoxysilyl)propyl groups in the presence of TEOS, by a
sol-gel reaction in an aqueous surfactant solution. Because
the inorganic component provided a supporting role, the ob-
tained hybrid bead possessed a high mechanical strength.
The hybrid bead-type CPM-1 exhibited a chiral recognition
similar to the commercially available Chiralpak IB, and pos-
sessed a higher loading capacity. Using the hybrid bead-type
CPM-1, a high throughput preparation of optically active
compounds could be achieved. We are now optimizing the

preparation conditions of the hybrid bead-type CPM by con-
trolling the ratio of (polysaccharide derivative)/ ACHTUNGTRENNUNG(TEOS),
changing the type and amount of surfactants, and treating
the residual silanol groups. Through these modifications, the
performance of the hybrid bead-type CPM is expected to be
improved. This preparation method of the hybrid bead can
be applied to other polysaccharide derivatives with a high
chiral recognition.

Experimental Section

Chemicals

Cellulose (Avicel, DP~200) was pur-
chased from Merck (Darmstadt, Ger-
many). 3,5-Dimethylphenyl isocya-
nate was a gift from Daicel (Tokyo,
Japan). Tetraethyl orthosilicate, 3-
(triethoxysilyl)propyl isocyanate, and
trimethylsilyl chloride were pur-
chased from Tokyo Kasei (Tokyo,
Japan). Lithium chloride and 1-hepta-
nol were obtained from Wako
(Tokyo, Japan). Sodium lauryl sulfate
was from Kishida (Osaka, Japan).
The wide-pore silica gel (Daiso gel
SP-1000) with a mean particle size of
7 mm and a mean pore diameter of
100 nm was kindly supplied by Daiso
Chemical (Osaka, Japan). The dehy-
drated N,N-dimethylacetamide and
pyridine were from Kanto (Tokyo,
Japan). HPLC grade solvents were
used in the chromatographic experi-

ments. Chiralpak IB (25 cm by 0.46 cm I.D.) was kindly supplied from
Daicel. The racemates were commercially available or were prepared by
the usual methods.[14]

Synthesis of Cellulose 3,5-Dimethylphenylcarbamate with Attached
3-(Triethoxysilyl)propyl Groups

The cellulose 3,5-dimethylphenylcarbamate 2 with affixed 3-(triethoxysi-
lyl)propyl groups was synthesized according to a previously reported
method (Figure 2).[9, 10] First, cellulose was dissolved in a mixture of N,N-
dimethylacetamide, lithium chloride, and pyridine. 3,5-Dimethylphenyl
isocyanate (83 mol% to the hydroxyl groups of cellulose) was then
added and the mixture was stirred for 8 h at 80 8C. Subsequently, 3-(tri-
ethoxysilyl)propyl isocyanate (2 mol% to the hydroxyl groups of cellu-
lose) was added and allowed to react for 12 h at 80 8C. Finally, the re-
maining hydroxyl groups were treated with an excess amount of 3,5-di-
methylphenyl isocyanate (116 mol% to the hydroxyl groups of cellulose)
for 8 h at 80 8C. The cellulose derivative 2 mainly bearing 3,5-dimethyl-
phenylcarbamate and a small amount of 3-(triethoxysilyl)propylcarba-
mate was isolated as the methanol-insoluble fraction. The ratio of the
(3,5-dimethylphenylcarbamate)/(3-(triethoxysilyl)propylcarbamate) was
determined from the ratio of the (aromatic proton)/ ACHTUNGTRENNUNG(SiCH2) in the
1H NMR spectrum.

Preparation of the Hybrid Bead-Type CPM-1

The hybrid bead-type CPM-1 was prepared as shown in Figure 3. The cel-
lulose derivative 2 (0.25 g) and TEOS (1.0, 2.0, or 3.0 mL) were first dis-
solved in a THF/1-heptanol/H2O/trimethylsilyl chloride (24:6:1:0.5
v/v/v/v=31.5 mL). This solution was then heated for 9 h at 80 8C and
added dropwise into water (500 mL) containing sodium lauryl sulfate
(0.2%) at 80 8C with mechanical stirring at 1100 rpm using a multidis-
perser (SMT PB95), which has a shaft bearing six blades (PH-4) (SHI-
MADZU, Kyoto). The stirring and temperature were maintained for 1 h.

Figure 9. Preparative separation of rac-trans-stilbene oxide 5 with hexane/chloroform (80:20) as eluent:
a) hybrid bead-type CPM-1 at flow rate of 0.5 mLmin�1; b) Chiralpak IB at flow rate of 0.5 mLmin�1;
c) hybrid bead-type CPM-1 at flow rate of 1.0 mLmin�1.
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The obtained suspension was filtered to separate the hybrid bead-type
CPM-1, which was then washed with water, ethanol, and hexane, and
dried in vacuo at room temperature for 12 h. For comparison, the coated-
type CPM-2 was separately prepared by coating 2 (20 wt% of silica gel)
on plain silica gel according to previously reported methods.[15,16]

Preparation of the Packed Column

The hybrid bead-type CPM-1 and coated-type CPM-2 were packed in a
stainless-steel tube (25 cm by 0.46 cm ID) at a pressure of 400 kg/cm2 by
a slurry method. The plate numbers of the packed columns were approxi-
mately 1800 for benzene using a hexane/2-propanol (90:10) mixture as
the eluent at the flow rate of 1.0 mLmin�1. 1,3,5-Tri-tert-butylbenzene
was used as the non-retained compound for estimating the dead time
(t0).

[17]

Acid Treatment of the Hybrid Bead-Type CPM-1

The hybrid bead-type CPM-1 (0.30 g) was dispersed into a mixture of
ethanol (6 mL), water (1.5 mL) and trimethylsilyl chloride (0.1 mL), and
heated for 10 min in an oil bath at 110 8C.[10] After the reaction, the ob-
tained beads were washed with water, ethanol, and hexane, and then
dried.

Instrumentation

SEM image and EDX mappings of the hybrid beads were recorded using
a JEOL JSM-5600 instrument (JEOL, Tokyo, Japan) with an acceleration
voltage of 20 kV. The chromatographic experiments were performed
using a JASCO PU-980 chromatograph equipped with UV (JASCO MD-
2010) and polarimetric (JASCO OR-990, Hg–Xe without filter) detectors
(JASCO, Tokyo, Japan) at room temperature. A solution of the racemate
was injected into the chromatographic system using a Rheodyne Model
7125 injector. The TG analysis was carried out on a Seiko EXSTRA 6000
system (Seiko, Chiba, Japan). The 1H NMR (400 MHz) and solid-state
29Si CP/MAS NMR (59.6 MHz) spectra were obtained using a Varian
Gemini-2000 spectrometer (Varian, California, USA) and a Bruker DSX-
300 spectrometer (Bruker BioSpin, Rheinstetten, Germany), respectively.
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