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The polysaccharide-based chiral packing materials (CPMs) for high-performance liquid chromatography
(HPLC) have been recognized as the most powerful ones for the analyzing and preparative separating of the
chiral compounds. These CPMs have been conventionally prepared by coating polysaccharide derivatives
on a silica gel support. This means that the solvents, which swell or dissolve the derivatives on the silica
gel and reduce the performance of the chiral columns, do not allow to be applied as components of the
eluents. Therefore, the polysaccharide-based CPMs can be used with a rather limited number of eluents.
In order to enhance the versatility of the eluent selection for more practical and economical chromato-
graphic enantioseparations, the polysaccharide derivatives must be immobilized onto the silica gel. This
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ifﬁ:,ﬁggis' review summarizes our latest studies on the development of the immobilized-type CPMs via the radical
Cellulose copolymerization and the polycondensation of the polysaccharide derivatives bearing small amounts of
Chiral stationary phase vinyl groups and alkoxysilyl groups, respectively.
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1. Introduction and the precise determination of the enantiomeric excess of chi-

ral compounds are becoming increasingly important. Today, many

Most biologically active compounds including drugs, agro-
chemicals and foods are chiral and their pharmacologic, toxic
and metabolic activities are often different between enantiomers.
Therefore, the systematic investigation of their biological prop-
erties of individual enantiomers has become indispensable,
particularly for the development of new chiral drugs [1-4]. In
this way, the efficient preparation of both optically pure isomers
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top selling drugs around the world have been used as single enan-
tiomers with the desired physiological effect [2].

During the past few decades, the direct enantioseparation by
high-performance liquid chromatography (HPLC) has significantly
advanced, and definitely contributed to the progress in many fields
dealing with chiral compounds [5-17]. The resolution by chiral
HPLC can be achieved on the basis of the different adsorption
behaviors of two enantiomers on chiral selectors of chiral packing
materials (CPMs). Therefore, the design and preparation of chi-
ral selectors are key points. The number of commercial CPMs has
greatly increased, and today, more than 100 CPMs are commercially
available. The chiral selectors of the CPMs can be classified into two

types.
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Fig. 1. Structure of cellulose (1) and amylose (2) derivatives with high recognition
abilities.

The first type of chiral selectors consists of optically active small
molecules, which are usually linked to a silica gel or organic poly-
mer gel as supports [15-17]. Since Davankov initially reported this
type of CPMs in the early 1970s [18,19], which was prepared by
bonding cyclic amino acids onto poly(styrene-co-divinylbenzene)
beads, a wide range of optically active small molecules has been
applied as chiral selectors for CPMs [20-33]. Recently, the cinchona
alkaloid-based CPMs developed by Lindner et al. have been com-
mercialized under the trade names Chiralpak QN-AX and Chiralpak
QD-AX, which are prepared from the 90-tert-butylcarbamate
derivatives of quinine and quinidine as chiral selectors, respectively
[30,31]. These CPMs show excellent chiral recognitions for a wide
range of chiral acids including important intermediates in pharma-
ceuticals and efficient chiral auxiliaries and ligands for asymmetric
synthesis [34-38].

The second type of chiral selectors consists of optically active
polymers including polysaccharide derivatives [8-12,39,40], pro-
teins [41,42] and synthetic polymers, such as polyacrylamides with
optically active side chains [43-45] and polymethacrylates with
one-handed helical structure [46-49]. The chiral recognition on the
optically active polymers often depends on their higher order struc-
ture in addition to the structure of their monomeric units, which
control in the first small molecule-based phases.

Among the large variety of CPMs, the polysaccharide-based
CPMs, which are derived from the carbamate derivatives of cel-
lulose (1) and amylose (2) (Fig. 1), have been recognized as the
most useful ones for both analytical and preparative separations
for a wide range of chiral compounds [8-12,39,40]. These CPMs
have been conventionally prepared by coating the polysaccharide
derivatives on macroporous silica gel without a chemical linkage.
This means that the commonly used solvents, such as chloro-

A-silica

A-silica

form, tetrahydrofuran (THF), acetone, ethyl acetate, etc., cannot be
applied as the eluents, because these solvents can swell or dissolve
the polysaccharide derivatives on silica gel and cause fatal damage
to the CPMs. Therefore, the conventional coated-type CPMs based
on the polysaccharide derivatives can be used with a rather limited
number of eluents, which consist of hexane-alcohol mixtures for
normal-phase chromatography and water—acetonitrile mixtures
for the reversed-phase chromatography.

The versatility of the eluent selection generates the possibility
to improve the performance of both the analytical and preparative
separations by HPLC. For analytical separation, a better enantiose-
lectivity on the polysaccharide derivatives and a reversed elution
order of enantiomers might be attained using the above-prohibited
solvents [50-53]. For alarge-scale preparative separation, the selec-
tion of a solvent with a good solubility for a sample is essential
for high productivity [54-57]. Therefore, the enhancement of the
solvent compatibility for the CPMs is strongly required.

One of the potential ways to realize this requirement is to
immobilize the polysaccharide derivatives onto chromatographic
supports, such as spherical silica gel [58-61], monolithic silica gel
[62,63], fused-silica capillary wall [64] and organic polymer gel
[65]. Since the first immobilized-type CPMs based on polysaccha-
ride derivatives were reported in 1987 [66], several immobilization
methods have been developed: the immobilization of the deriva-
tives bearing hydroxy groups with a diisocyanate [66-68]; the
chemical bonding of an amylose derivative at an activated chain
end [69,70]; the immobilization of the derivatives bearing vinyl
groups with or without a vinyl monomer [71-75]; the photochem-
ical cross-linking [76-79]; the immobilization of the derivatives
bearing azido groups [80]; and the immobilization of the deriva-
tives bearing alkoxysilyl groups [81-83].

The immobilized-type CPMs based on the polysaccharide
derivatives 2d, 1d and 1e (Fig. 1) have recently been commercial-
ized under the trade names Chiralpak IA, Chiralpak IB and Chiralpak
IC (Daicel), respectively [50-52]. However, novel immobilization
methods, which can achieve a simple processing, a high immo-
bilization efficiency and a high chiral recognition ability, are still
being actively explored. In this review, we describe our latest stud-
ies on the development of the immobilized-type CPMs based on
the polysaccharide derivatives.

2. Immobilization of polysaccharide derivatives bearing a
vinyl group via copolymerization with a vinyl monomer

The immobilization of the polysaccharide derivative bearing a
vinyl group onto silica gel via radical copolymerization with a vinyl
monomer was investigated by our group in 2001 (Fig. 2) [73]. Since
then, we have been exploring the optimum preparation conditions
for the immobilized-type CPM by changing the type and amount
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Fig. 2. Scheme of immobilization of polysaccharide derivatives onto A-silica by means of copolymerization with vinyl monomer.
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Fig. 3. Synthesis of cellulose derivative (3) bearing a 4-vinylphenyl group.

of the vinyl monomer or the vinyl group introduced to the polysac-
charide derivatives and also by introducing a vinyl group on the
silica surface as follows [72,74,84-89].

The cellulose derivative 3 bearing a vinyl group at the
6-position on a glucose unit was synthesized as shown in
Fig. 3 [73,84]. The ratio of the (3,5-dimethylphenylcarbamate)/(4-
vinylphenylcarbamate) residues in the derivative 3 was determined
to be 90/10 from the 'H NMR spectrum. The obtained cellulose
derivative was coated on a 3-aminopropyl functionalized-silica
gel (A-silica in Fig. 2), and styrene and «,o’-azobisisobutyronitrile
(AIBN) dissolved in hexane were then added to the coated silica
gel. The immobilization of the cellulose derivative was performed
at 60°C for 20 h, and the 3-immobilized silica gel was fully washed
with THF. The immobilization efficiency, which is defined as the
ratio of the (immobilized polysaccharides)/(coated polysaccha-
rides), was estimated by 'H NMR analysis of the THF washing
solution.

The results of the immobilization onto the A-silica using a dif-
ferent amount of styrene (0, 5, 10, 30 and 50 wt.% relative to the
cellulose derivative) are shown in Table 1. Cellulose derivative 3
was quantitatively immobilized onto silica gel using greater than
10 wt.% styrene. However, when the styrene content was reduced to
5 wt.%, the immobilization efficiency was decreased to 86%. With-

out styrene, the immobilization efficiency was found to be only
50%. These results indicate that styrene as a comonomer can play
a significant role in the immobilization of the cellulose derivative
onto silica gel.

The obtained immobilized-type CPMs were packed into an HPLC
column and their chiral recognition abilities for racemic com-
pounds (4-13 in Fig. 4) were evaluated using a hexane/2-propanol
mixture as the eluent. As showninTable 1,anincrease in the styrene
content caused a decrease in the chiral recognition. This decrease
may be attributed to the following two reasons: (1) the higher order
structure of the cellulose derivative is slightly changed during the
immobilization process, especially at high styrene contents; (2) the
styrene units in the CPMs non-enantioselectively interact with both
enantiomers. These results suggest that the immobilization should
be carried out under an optimized condition from the viewpoints
of immobilization efficiency and chiral recognition.

In order to enhance the immobilization efficiency of the cel-
lulose derivative with a small amount of styrene, the M-silica
containing a vinyl group on the silica surface, has been used as
a support (Fig. 5) [74]. The immobilization results onto the M-
silica and A-silica under the same copolymerization condition are
compared in Table 1. When 5 wt.% styrene was used in the immo-
bilization process, the cellulose derivative was more efficiently

Table 1
Influence of styrene content on immobilization of 3 and separation factors («) on CPMs-1-62
CPMs CPM-1 CPM-2 CPM-3 CPM-4 CPM-5 CPM-6
Styrene/cellulose derivative (owt.%) (5wt.%) (10wt.%) (30wt.%) (50wt.%) (5wt.%)
Silica gel A-silica A-silica A-silica A-silica A-silica M-silica
Immobilization efficiency 50% 86% 99% >99% >99% 97%
4 1.26 () 1.22(-) 1.32(-) 1.31 (=) 1.31(-) 1.32(-)
5 1.45 (+) 1.45 (+) 1.68 (+) 1.60 (+) 1.53 (+) 1.73 (+)
6 ~1(-) 1.33(-) ~1(+) 1.17 (+) 1.23 (+) 1.0
7 ~1(+) ~1(+) 112 (+) ~1(+) ~1(+) 1.09 (+)
8 2.74(-) 2.57 (-) 3.20(-) 2.76 () 2.63(-) 4.27(-)
9 1.25 (+) 1.34 (+) 1.18 (+) 1.16 (+) 1.14(+) 1.19 (+)
10 1.23(-) 1.22(-) 1.13(-) 1.08 (-) ~1(-) 1.14(-)
1n ~1(+) 1.17 (+) 1.32 (+) ~1(+) ~1(+) 1.23 (+)
12 1.92(-) 2.18(-) 1.96 (-) 1.81(-) 1.73(-) 1.90 (-)
13 1.40 (+) 1.42 (+) ~1(+) ~1(+) ~1(+) 1.12 (+)

Column, 25 cm x 0.20 cm L.D. Eluent, hexane-2-propanol (90:10). Flow rate, 0.1 ml/min. [Vinyl group]/[AIBN]=50. Solvent for polymerization; hexane.
2 The signs in parentheses represent the optical rotation of the first-eluted enantiomer.
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Fig. 5. Immobilization of polysaccharide derivatives onto M-silica or MA-silica by means of copolymerization with vinyl monomer.

immobilized onto the M-silica (97%) than onto the A-silica (86%).
The introduction of a vinyl group on the silica surface seems to
be valuable for the efficient immobilization. However, the chiral
recognition on the CPM-6 using the M-silica was slightly different
from that on the CPM-2 using the A-silica. The urea group of the M-
silica may non-enantioselectively interact with the racemates and
influence the chiral recognition to some extent.

Cellulose derivative (14a in Fig. 6) bearing 10% 2-
methacryloyloxyethylcarbamate residue has also been prepared
and immobilized using 10 wt.% styrene onto the A-silica [74]. The
derivative 14a has been quantitatively immobilized onto the A-
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Fig. 6. Structures of cellulose derivative (14) bearing 2-methacryloyloxyethyl group.

silica, and the chiral recognition on the obtained immobilized-type
CPM is similar to that on the CPM-3 prepared from the derivative
3. 2-Methacryloyloxyethyl isocyanate used for preparing the
derivative 14 is commercially available and more stable and easier
to handle than 4-vinylphenyl isocyanate used for the derivative
3. Therefore, 2-methacryloyloxyethyl isocyanate seems to be the
more useful reagent for the preparation of a cellulose derivative
suitable for the HPLC resolution.

The above immobilized-type CPMs exhibited somewhat differ-
ent and lower chiral recognitions than the traditional coated-type
CPM-9 (Table 2), which is prepared by coating the cellulose
derivative 1d on the plain silica gel [82]. This decrease in chi-
ral recognition is mainly caused by the rather high content of
vinyl groups introduced on the polysaccharide (about 10% of the
total OH groups). One of the preferable ways to improve the chiral
recognition abilities on immobilized-type CPMs is to decrease the
vinyl group content on the polysaccharide derivatives. Although
this approach will reduce the immobilization efficiency, the chi-
ral recognition on the obtained immobilized-type CPM is expected
to be close to that on the coated-type CPM-9. Therefore, cellu-
lose 3,5-dimethylphenylcarbamate 14b bearing a lower content of
the 2-methacryloyloxyethylcarbamate residue (4% of the total OH
groups) has been prepared (Fig. 6) [86]. The derivative 14b was
immobilized onto M-silica via the copolymerization with 30 wt.%
2,3-dimethyl-1,3-butadiene (DMBD) as the vinyl monomer at 60 °C
in toluene.

The resolution results of the obtained immobilized-type CPM-
8 were compared to those of CPM-7, which was prepared
by the copolymerization of the derivative 4a bearing 10% 2-
methacryloyloxyethylcarbamate residue with 10 wt.% DMBD, and
the coated-type CPM-9. As shown in Table 2, more than half of the
racemates are better resolved on CPM-8 than on CPM-7, and the
chiral recognition on CPM-8 was close to that on CPM-9. Based on
these results, it is clear that the chiral recognition ability can be
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Influence of the content of vinyl group on immobilization of 14 and chiral recognitions on CPMs-7-9 and Chiralpak IB?

CPMs CPM-7° CPM-8° CPM-9 Chiralpak IB4
Cellulose derivatives 14a (R'/R*=90/10) 14b (R'/R*=96/4) 1d (R'/R*=100/0) -
Immobilization efficiency 88% 78% - -
% ki’ a ki’ a ki’ o
4 1.30(-) 1.23(-) 1.27 0.76 () 1.17 1.00(-) 1.14
5 1.71 (+) 0.81 (+) 1.64 0.75 (+) 131 0.96 (+) 1.22
6 1.20(-) 0.75(-) 1.49 0.48 (-) 1.96 0.55 () 1.77
7 1.15 (+) 1.59 (+) 1.17 1.06 (+) 1.12 1.12 (+) 1.22
8 3.80 (-) 2.05(-) 3.83 1.15(-) 2.40 1.48 (-) 2.72
9 1.27 (+) 2.56 (+) 1.34 1.50 (+) 1.50 2.00 (+) 1.33
10 1.18 (-) 1.46 (—) 1.23 0.96 () 134 113 (-) 1.26
1 1.20 (+) 0.42 (+) 1.13 0.42 (+) ~1 3.15 (+) ~1
12 2.16 (-) 1.82(-) 2.42 1.38(-) 2.77 1.54(-) 2.42
13 ~1(+) 1.51 (+) 1.40 0.61 (+) 1.99 0.86 (+) 1.89

2 The signs in parentheses represent the optical rotation of the first-eluted enantiomer. Column: 25cm x 0.20 cm LD. Eluent: hexane-2-propanol (90:10). Flow rate:

0.1 ml/min.

b Silica gel: A-silica. Vinyl monomer: 2,3-dimethyl-1,3-butadiene (10 wt.%). [Vinyl group]/[AIBN] = 30. Solvent for polymerization: toluene.

¢ Silica gel: M-silica. Vinyl monomer: 2,3-dimethyl-1,3-butadiene (30 wt.%). [Vinyl
4 Column: 25 cm x 0.46 cm LD. Flow rate: 0.5 ml/min.

improved by decreasing the vinyl group content on the cellulose
derivative from 10% to 4%, although the immobilization efficiency
decreases as expected.

The resolution results on the commercially available
Chiralpak IB containing the immobilized cellulose 3,5-
dimethylphenylcarbamate as the chiral selector are also listed in
Table 2. Although the elution orders for the enantiomers were
always the same on the two immobilized-type CPMs, the chiral
recognitions are more or less different, depending on the structures
of the racemates. It can be seen that the CPM-8 exhibits the higher
o values than Chiralpak IB for racemates 4, 5, 8 and 11. On the other
hand, the retention factors on the CPM-8 are basically greater than
those on Chiralpak IB except for racemates 5 and 11. The content of
the chiral selector may be greater on the CPM-8 than on Chiralpak
IB.

As described above, the cellulose derivatives bearing the vinyl
group at the 6-position on the glucose unit can be efficiently
immobilized onto silica gel by the radical polymerization with a
vinyl monomer. However, the synthetic route of these derivatives

group]/[AIBN] =30. Solvent for polymerization: toluene.

is rather complicated and time-consuming because the protec-
tion and deprotection process at the 6-position on the glucose
unit is required to regioselectively introduce the vinyl groups. This
regioselective immobilization method may not be appropriate for
the large-scale preparation of the CPMs. On the other hand, the
simple preparation of immobilized-type CPMs can be achieved
using the polysaccharide derivatives bearing vinyl groups non-
regioselectively at the 2-, 3- and 6-positions [84,87].

The non-regioselectively substituted cellulose derivatives, 15, 16
and 17, which contain the methacrylate group (R*), the methacry-
loyl group (R>) or the aliphatic olefin group (R®), respectively, have
been easily prepared by a one-pot process (Fig. 7) and immobilized
onto the MA-silica (see Fig. 5) via the copolymerization with 1,5-
hexadiene in toluene at 80°C [87]. The immobilization efficiencies
and the chiral recognitions of the immobilized-type CPMs are listed
in Table 3. The immobilization efficiency of the cellulose derivative
17 (33%) was significantly lower than those of 15 (87%) and 16 (78%).
This is due to the lower polymerizability of the aliphatic olefin in
17 compared to the conjugated olefins in 15 and 16.

OH OH 1) DMA /80 °C
o) 2) LiCl / r.L.
° Ow)\ or - )n
HO— n HO o 3) RI-NCO / R 6-NCO or R3-Cl / pyridine / 80 °C
cellulose OH amylose OH 4) RI-NCO /80 °C
OCONHR' "4 OCONHR! or OR®
oL o
R o “HNOCO n R%0 or R'THNOCO n
OCONHR'or4 OCONHR! or OR®
15RT:R%=90:10) 16(R!:R5=90:10) or
OCONHR1 oré OCONHR! o4
Co
A/O
R'°'SHNOCO R °r4HNOC
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Fig. 7. Synthesis of cellulose (15-17) and amylose (18) derivatives bearing vinyl groups at 2-, 3- and 6-positions.
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Table 3
Influence of structures of vinyl groups on immobilization efficiencies and chiral recognitions on CPM-10-122
CPMs CPM-10 CPM-11 CPM-12
Cellulose derivatives 15 16 17
Immobilization efficiency 87% 78% 33%
k1/ o k1/ o k]/ o
4 134(-) 1.23 0.95 (-) 124 0.30(-) 1.17
5 0.97 (+) 1.52 0.77 (+) 1.34 023 (+) 1.47
6 0.82(-) 1.53 0.59 (-) 1.66 0.18 (-) 1.75
7 1.89 (+) ~1 1.18 (+) 1.23 0.40 (+) 1.06
8 2.05(—) 2.75 1.51 (-) 3.72 0.58 (—) 230
9 2.73 (+) 137 1.92 (+) 1.43 0.63 (+) 133
10 1.65 (—) 1.22 1.12 (=) 1.27 0.37(-) 121
1 0.54 (+) 1.10 0.38 (+) ~1 0.14 (+) ~1
12 230(-) 224 1.54 () 2.61 0.58 (-) 2.13
13 1.35(+) 1.39 0.96 (+) 1.96 0.34(+) 1.52

Column: 25cm x 0.20cm [.D. Eluent: hexane-2-propanol (90:10). Flow rate: 0.1 ml/min. Silica gel: MA-silica. Vinyl monomer: 1,5-hexadiene (45wt.%). [Vinyl

group]/[AIBN] =30. Solvent for polymerization: toluene.

2 The signs in parentheses represent the optical rotation of the first-eluted enantiomer.

The immobilized-type CPM-11 prepared from the derivative 16
exhibits a slightly higher chiral recognition than CPM-10 and CPM-
12, which were prepared from 15 and 17, respectively, especially
for racemates 7, 8, 12 and 13. Because the polar carbonyl group on
the vinyl spacer R® is located near the chiral glucose units, some
racemates might be enantioselectively absorbed to the polar group
on R>, resulting in a positive effect on the chiral recognition on CPM-
11.In addition, the higher order structure of the cellulose derivative
16 might not be significantly disturbed by the introduction of R®
with a smaller molecular size.

The immobilization of amylose derivatives bearing a vinyl group
onto the silica gel is also possible [85,87]. The amylose 3,5-
dimethylphenylcarbamate (18) bearing the 10% methacrylate group
(R*) non-regioselectively at the 2-, 3- and 6-positions has been

Table 4

Immobilization of amylose derivative 18 and separation factors («) on the CPM-13

and Chiralpak IA

CPMs CPM-13? Chiralpak IAP

Immobilization efficiency 96% -
4 ~1(=) 1.06 ()
5 1.48 (+) 1.44 (+)
6 2.20 (+) 2.57 (+)
7 1.86 (+) 2.28 (+)
8 2.07 (-) 2.19(-)
9 1.10 (-) 1.16 (-)

10 1.14 (+) 1.10 (+)

n ~1(-) ~1(-)

12 ~1(-) 1.07 (-)

13 3.30 (+) 1.89 (+)

prepared by the one-pot method (Fig. 7) [87]. The derivative 18
was immobilized onto the MA-silica under the same radical poly-
merization condition as applied to the cellulose derivative 15. As
shown in Table 4, the amylose derivative containing a 10% vinyl
content can be efficiently immobilized via radical polymerization.
Compared to the cellulose derivative 15 bearing the same content
of the methacrylate group, the amylose derivative 18 could be more
efficiently immobilized. This may be associated with the fact that
the amylose derivative has a more flexible structure than the cel-
lulose derivative. The chiral recognition on the immobilized-type
CPM-13 derived from the amylose derivative 18 is compared to
that on the commercially available Chiralpak IA, which is prepared

The signs in parentheses represent the optical rotation of the first-eluted enan-
tiomer. Eluent: hexane-2-propanol (90:10).

2 Column: 25cm x 0.20 cm L.D. Flow rate: 0.1 ml/min. Silica gel: MA-silica. Vinyl
monomer: 1,5-hexadiene (45 wt.%). [Vinyl group]/[AIBN] = 30. Solvent for polymer-
ization: toluene.

b Column: 25 cm x 0.46 cm L.D. Flow rate: 0.5 ml/min.

by immobilization of the amylose 3,5-dimethylphenylcarbamate,
under the same chromatographic condition (Table 4). Although the
recognition abilities on both CPMs were basically similar, Chiral-
pak IA exhibits a comparable or slightly better recognition ability
except for the racemate 13 than CPM-13.

Si(OEt); Si(OEb),
Si(OED); SiOEDs
/\ polymer 27 EOH/H,0/ Si(CHy)sCl
. coaling 2a 10 min at 110 °C
plain silica gel plain silica gel plain silica gel
Si(OEt), OCONHR1 7 OCONHR! 7
s+"_ polysaccharide derivative bearin 0 </0
£ T g?(tyriethox silyl)propyl grou g 0;" S s ):1
$ ysiyl)propyl group g1 or 7unNOCO n B! THNOCO 0
19 OCONHR1 o7 20 OCONHR!°"7
CHa
96:4 (19a)
R'= R7 = /\/\8' OEt 1.7 97:3 (19b) -1 -
i(OE)s R':R/ = 982 (19¢c) R'":R"=99:1
CHa 991 (19d)

Fig. 8. Scheme of immobilization of cellulose (19) and amylose (20) derivatives bearing 3-(triethoxysilyl)propyl group via intermolecular polycondensation.
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Fig. 9. Synthesis of cellulose (19) and amylose (20) derivatives bearing 3-(triethoxysilyl)propyl group.

3. Immobilization of polysaccharide derivatives bearing a OCONHR! 7

. . o . CH,
triethoxysilyl group via intermolecular polycondensation o s)\
o

Ri= Q 7= A\ si0g,

R 7HNOCO CHy

As another approach for the preparation of the immobilized- OCONHR! &7
type CPM, we have recently developed a facile immobilization 19c(R':R7=98:2)
method via the intermolecular polycondensation of the triethoxysi- pry—
lyl groups introduced to the polysaccharide derivatives (Fig. 8) —tr 9
[81,82]. This immobilization method may satisfy all of the nec-
essary requirements for the immobilized-type CPMs, i.e., simple
processing, high immobilization efficiency, high chiral recognition
and wide applicability to various polysaccharide derivatives.

The cellulose (19) and amylose (20) derivatives bearing
the 3-(triethoxysilyl)propyl residues were synthesized by the
sequential additions of 3,5-dimethylphenyl isocyanate and 3-
(triethoxysilyl)propyl isocyanate as shown in Fig. 9.

In contrast to the previous study by Zou and co-workers
[83], the introduction of the 3-(triethoxysilyl)propyl groups was ‘ 1|s ‘ ' ' 1'2 ' 1'0 ' ola ' 0‘6 ' 0'4 ' 0'2 o]
clearly confirmed from the 'H NMR spectra of the obtained (ppm)
polysaccharide derivatives (Fig. 10). The ratio of the (3,5-
dimethylphenylcarbamate)/(3-(triethoxysilyl)propylcarbamate) siocH,
could be determined from the ratio of (aromatic proton)/(SiCH,)
in the 'H NMR spectrum. ghmse U

Fig. 8 shows the immobilization process via the intermolecu- LJ
lar polycondensation of the triethoxysilyl groups. During the heat . £ -
treatment under an acidic condition, the polysaccharide deriva- 3 2 1 0
tives were immobilized onto the silica gel by the polycondensation (ppm)
of the triethoxysilyl groups. After the reaction, the 19- and 20-
immobilized silica gels were thoroughly washed with THF and Fig. 10. 'H NMR spectrum of the cellulose derivative 19¢ in DMSO-ds at 80°C.
acetone, respectively, in order to remove the unimmobilized deriva-

DMSO
H,0 | PhCH,

Table 5

Immobilization of 19a-19d and separation factors («) on the CPMs-14-17

CPMs CPM-14 CPM-15 CPM-16 CPM-17

Cellulose derivatives 19a (R'/R7 =96/4) 19b (R'/R7 =97/3) 19¢ (R'/R7 =98/2) 19d (R'/R7 =99/1)

Immobilization efficiency 99 97% 89% 72%
4 1.27 (-) 1.31(-) 1.23(-) 1.27 (-)
5 1.52 (+) 1.56 (+) 1.53 (+) 1.49 (+)
6 1.21(-) 1.30(-) 1.51(-) 1.59 (-)
7 1.17 (+) 1.18 (+) 1.15 (+) 1.19 (+)
8 3.66 (—) 436 (—) 3.52(-) 3.70 (-)
9 1.23 (+) 1.31(+) 1.35(+) 1.35(+)

10 1.13(-) 1.19(-) 1.21(-) 1.23 (=)
n ~1(+) ~1(+) ~1(+) ~1(+)

12 2.01(-) 229 (-) 235(-) 247 (-)

13 1.22 (+) 1.48 (+) 1.65 (+) 1.70 (+)

The signs in parentheses represent the optical rotation of the first-eluted enantiomer. Column: 25 cm x 0.20 cm L.D. Flow rate: 0.1 ml/min. Eluent: hexane-2-propanol (90:10).
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Table 6

Separation factors () on the immobilized-type CPM-16, coated-type CPM-9 and Chiralpak IB

CPMs CPM-16° CPM-9? Chiralpak IBP
Eluents H/I(90/10) H/C/1(90/10/1) H/T/1(90/10/1) H/C (70/30) H/T (70/30) H/1(90/10) H/I (90/10)
4 1.23(-) 127 (-) 1.19(-) 1.29 (-) 117 (-) 117 (-) 1.14(-)
5 1.53 (+) 1.35(+) 1.36 (+) 1.06 (+) 1.36 (+) 1.31 (+) 1.22 (+)
6 1.51(-) 2.12(-) 1.0 1.93 (-) ~1(+) 1.96 () 1.77 (-)
7 1.15 (+) 112 (+) 1.28 (+) 1.16 (+) ~1(+) 112 (+) 1.22 (+)
8 3.52 () 1.80 (-) 1.0 1.10 (+) 1.0 2.40(-) 2.72(-)
9 1.35(+) 1.40 (+) 1.35(+) - 1.23 (+) 1.50 (+) 1.33(+)
10 1.21(-) 1.25(-) 1.28 (-) 1.09 (-) 1.0 134 (-) 1.26 (-)

1 ~1(+) 1.0 1.08 (+) 1.0 1.0 ~1(+) ~1(+)
12 2.35(-) 2.93 (-) 2.59 (-) 2.90 () 1.56 (—) 2.77 (-) 2.42(-)
13 1.65 (+) 1.69 (+) 1.60 (+) - 1.18 (+) 1.99 (+) 1.89 (+)

The signs in parentheses represent the optical rotation of the first-eluted enantiomer. Eluent: H: hexane, I: 2-propanol, C: chloroform, T: tetrahydrofuran.

2 Column: 25 cm x 0.20 cm L.D. Flow rate: 0.1 ml/min.
b Column: 25 cm x 0.46 cm L.D. Flow rate: 0.5 ml/min.

tives. The immobilization efficiency was determined from the
organic contents in the CPMs estimated by thermogravimetric anal-
ysis.

The immobilization efficiencies of the cellulose derivatives are
shown in Table 5. As the content of the 3-(triethoxysilyl)propyl
group in the cellulose derivatives was reduced, the immobiliza-
tion efficiency decreased. However, even if the amount of the
3-(triethoxysilyl)propyl group was decreased to 1% (19d), 72% of
the cellulose derivative could be immobilized.

When the immobilization of 19b was also examined using the
A-silica in place of the plain untreated silica gel, the immobilization
efficiency was found to be the same 97% as that obtained with the
plain silica gel. This result indicates that the immobilization mainly
proceeds via the polycondensation of the triethoxysilyl groups of
the polysaccharide derivative, and the bond formation between the
silica gel and the polysaccharide derivative seems to be negligible.

The recognition abilities on the obtained immobilized-type
CPMs were evaluated using racemates 4-13 as shown in Fig. 4. The
resolution results on the CPMs based on the cellulose derivative 19
are summarized in Table 5.

The elution orders of the enantiomers were same on the four
immobilized-type CPMs, but their chiral recognition abilities were
slightly different depending on the CPMs. The immobilized-type
CPM-17 derived from 19d with the lowest 3-(triethoxysilyl)propyl
content showed the relatively high chiral recognition ability among
the four CPMs, although it contained a lower degree of immo-
bilization than those of the other immobilized-type CPMs. The
derivatives 19a and 19b coated on the silica gel were almost quan-
titatively immobilized, but their chiral recognition abilities for
the racemates except for 8 were similar or slightly lower com-

Table 7

pared to CPM-17. Consequently, the derivative 19c bearing the 2%
3-(triethoxysilyl)propyl group seems to be preferable for the prepa-
ration of the immobilized-type CPM from the viewpoints of both
the immobilization efficiency and the chiral recognition.

The various eluents containing any proportion of chloroform
and THF can be used with these immobilized-type CPMs without
any dissolution of the chiral selectors from the columns. The res-
olution results on the immobilized-type CPM-16 with the eluents
containing chloroform and THF are summarized in Table 6 together
with the results on the coated-type CPM-9 prepared from the cellu-
lose derivative 1d. Under the standard chromatographic conditions
using an eluent consisting of the hexane/2-propanol mixture, the
immobilized-type CPM-16 showed a similar chiral recognition to
the coated-type CPM-9. This result suggests that the higher order
structure of 19¢ seems to be similar to that of 1d coated on the silica
gel because of the low content of the 3-(triethoxysilyl)propyl group.
The immobilization can be attained without changing its structure
due to the low content of cross-linkable groups. In addition, the chi-
ral recognition ability on CPM-16 was improved for most racemates
using the eluents containing chloroform and THF, which cannot be
used for the coated-type CPM. Therefore, seven racemates, except
for 9, 10 and 13, could be better resolved on the immobilized-type
CPM-16 than on the coated-type CPM-9.

The chiral recognition on the immobilized-type CPM-16 based
on the cellulose derivative 19¢ was also compared to that on the
commercial Chiralpak IB using the hexane/2-propanol (90/10) mix-
ture as the eluent (Table 6). Although the elution orders for the
enantiomers were the same on both CPMs, the chiral recognition
abilities were slightly different depending on the types of race-
mates. For racemates 7, 9, 10, 11 and 12, the chiral recognition

Separation factors («) on the immobilized-type CPM-18, coated-type CPM-19 and Chiralpak IA

CPMs CPM-18 (immobilization efficiency: 86%)* CPM-19? Chiralpak IAP
Eluents H/1(90/10) H/C/1(90/10/1) H/T/1(90/10/1) H/C(70/30) H/T (70/30) H/1(90/10) H/1(90/10)
4 ~1(-) 1.0 1.0 ~1(+) 1.0 ~1(-) 1.06 (-)
5 1.44 (+) 1.48 (+) 1.67 (+) ~1(+) 1.24 (+) 1.60 (+) 1.46 (+)
6 2.83 (+) 2.98 (+) 2.83(+) 2.24(+) 2.06 (+) 3.33(+) 2.71(+)
7 2.11 (+) 1.49 (+) 1.54 (+) - 1.62 (+) 2.02 (+) 2.07 (+)
8 227 (-) 2.26(-) 2.07 (-) 1.74 (-) 1.36(-) 221(-) 2.15(-)
9 1.18 (-) 1.14(-) 1.13 (+) 1.0 1.48 (+) 1.31(-) 1.15(-)
10 1.08 (+) 1.63 (+) 1.31(+) 1.33 (+) 1.0 ~1(+) 1.17 (+)

1 1.0 1.0 1.0 1.0 1.0 1.0 ~1(-)
12 1.0 1.38(-) 1.0 1.68 () 1.0 1.36 (+) ~1(+)
13 3.49 (+) - - 1.72 (-) 1.0 2.54 (+) 2.06 (+)

The signs in parentheses represent the optical rotation of the first-eluted enantiomer. Eluent: H, hexane; I, 2-propanol; C, chloroform; T, tetrahydrofuran.

2 Column: 25 cm x 0.20 cm L.D. Flow rate: 0.1 ml/min.
b Column: 25 cm x 0.46 cm LD. Flow rate: 0.5 ml/min.
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abilities were close on the two CPMs, while for racemates4, 5 and 8,
the immobilized-type CPM-16 showed a higher chiral recognition
than Chiralpak IB, and vice versa for racemates 6 and 13.

The immobilization result of the amylose derivative 20 bearing
1% 3-(triethoxysilyl)propyl group is given in Table 7. The immo-
bilization efficiency of 20 (86%) seems to be higher than that of
the cellulose derivative 19d (72%) bearing the same amount of
a 3-(triethoxysilyl)propyl group. This is in good agreement with
the results from the above copolymerization method, in which the
amylose derivative can also be efficiently immobilized compared to
the corresponding cellulose derivative. As already mentioned, the
high immobilization efficiency of the amylose derivatives probably
results from their flexible structures.

The chiral recognition on the immobilized-type CPM-18 derived
from the amylose derivative 20 was evaluated using various eluents.
Theresolution results on CPM-18 are shown in Table 7 together with
the data on the coated-type CPM-19, which is prepared by coating
the amylose derivative 2d on the plain silica gel. As well as the cel-
lulose derivatives, most racemates could be better resolved on the
immobilized-type CPM than on the coated-type CPM by changing
the eluents. Furthermore, the immobilized-type CPM-18 showed a
similar or higher chiral recognition for eight racemates, except for
4 and 10, compared to the commercial Chiralpak IA (Table 7).

4. Conclusion

In this review, our latest studies on the immobilization of
polysaccharide derivatives onto silica gel were outlined. From
the viewpoints of the simplicity of processing, immobilization
efficiency and chiral recognition, the immobilization via the inter-
molecular polycondensation of the alkoxysilyl groups seems to be
more valuable than that via the copolymerization with a vinyl
monomer. The immobilized-type CPMs based on polysaccharide
derivatives possesses a universal solvent compatibility and open
up the possibility to improve the performance of both the analyt-
ical and preparative resolutions of chiral compounds. We expect
that the applications of the immobilized-type CPMs will become
more and more widespread and will contribute to further progress
in all fields of science linked to chirality.
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