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ABSTRACT 

Polysaccharides such as cellulose and amylose are the most accessible optically active polymers and can be readily modified to 
triesters and triscarbamates. In this review, triscarbamates of the polysaccharides as chiral stationary phases (CSPs) for HPLC are 
extensively discussed. Cellulose benxoates such as 3- and 4-methylbenxoates are also briefly reviewed. Chiral recognition of 
phenylcarbamate derivatives of cellulose depends on the substituents introduced on the phenyl groups, and 3,5dimethyl- 
phenylcarbamate afforded the most useful CSP, which can separate a wide range of racemates. Amylose tris(3,5dimethyl- 
phenylcarbamate) also shows high chiral recognition. Chiral recognition of 3,5dimethylphenylcarbamates of oligosaccharides is 
also discussed. Amylose tris[(S)-l-phenylethyl-carbamate] is a useful derivative that can efficiently separate many enantiomers of 
carbonyl compounds. 
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1. INTRODUCTION 

Recently, optically active compounds have 
been attracting much attention in various fields 
dealing with drugs, agrochemicals, ferroelectric 

* Corresponding author. 

liquid crystals, etc., and therefore their prepara- 
tion and analysis have been becoming increasing- 
ly important. In the past 10 years, optical res- 
olution by high-performance liquid chromato- 
graphy (HPLC) has progressed rapidly, and has 
become a practical and useful method not only 
for determining optical purity but also for ob- 
taming optical isomers. The development of 
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chiral stationary phases (CSPs) is a key point of 
this method; many CSPs for HPLC have been 
developed, and nearly 100 are commercially 
available [l]. CSPs for HPLC have usually been 
prepared with either chiral small molecules or 
polymers with optical resolving power (see, e.g., 
ref. 2). The CSPs derived from small molecules 
are prepared by chemically bonding the chiral 
small molecules to a support, usually silica gel, 
and their chiral recognition can in some instances 
be predictable from that of the chiral small 
molecules themselves. On the other hand, chiral 
recognition of polymeric CSPs often depends on 
the higher order structure of the chiral polymers, 
and therefore it is difficult to predict their chiral 
recognition only from the character of a mono- 
mer unit. Polymeric CSPs are of interest and 
attractive because an unexpected high chiral 
recognition ability may appear owing to the 
higher order structure of polymers. In this re- 

view, the optical resolution of various racemates 
on the derivatives of polysaccharides, cellulose 
and amylose, is discussed. Many of them are 
commercially available (Table 1). 

An example of chromatographic optical res- 
olution is shown in Fig. 1. The capacity factors 
[k; = (t, -Q/t,,’ k; = (tz -Q/t,] are 0.75 and 
1.11, respectively. The separation factor ((Y = k;/ 
ki ), representing the chiral recognition ability of 
a CSP, is 1.48, and the resolution factor [R, = 2 
(t2 - &)l(W, f W,)] is 2.16. In most separations 
with polysaccharide phases, complete separation 
of enantiomers is attained if (Y is larger than 1.2. 
When (Y = 1.2, the energy difference, AAG 
(= RT In (Y), between the interaction of a CSP 
with a pair of enantiomers is only 0.11 kcal/mol 
(1 kcal= 4.184 kJ). In other words, complete 
resolution can be attained even with a very small 
energy difference in enantiomer discrimination. 
The degree of chiral discrimination in one 

TABLE 1 

COMMERCIALLY AVAILABLE CHIRAL COLUMNS 

Polysaccharide derivative 

Microcrystalline cellulose triacetate 

Cellulose triacctate (coated on silica gel) 

Cellulose tribenzoate (coated on silica gel) 

Cellulose trisphenylcarbamate (coated on 
silica gel) 

Cellulose tris(3,5-dimethylphenylcarbamate) 
(coated on silica gel) 

Cellulose tris(4chlorophenylcarbamate) 
(coated on silica gel) 

Cellulose tris(4-methylphenylcarbamate) 
(coated on silica gel) 

Cellulose tris(4-methylbenzoate) (coated 
on silica gel) 

Cellulose tricinnamate (coated on silica gel) 

Amylose tris(3,5-dimethylphenylcarbamate) 
(coated on silica gel) 

Amylose t&[(S)-1-phenylethylcarbamate] 
(coated on silica gel) 

Trade name 

Chiralccl CA-1 
Cellulose triacetate 
Cellulose Cel-AC-40KF 

Chiralcel OA 

Chiralcel OB 

Chiralcel OC 

Chiralcel OD 
Chiralcel OD-R 

Chiralcel OF 

Chiralcel OG 

Chiraleel OJ 

Chiralcel OK 

Chiralpak AD 

Chiralpak AS 

Distributor 

Daicel 
Merck 
Macherey-Nagel 

Daicel 

Daicel 

Daicel 

Daicel 
Daicel 

Daicel 

Da&l 

Daicel 

Daicel 

Da&l 

Daicel 
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Fig. 1. Resolution of Triiger base on cellulose tris(4- 
methylbenzoate). 

process of adsorption and desorption is small. 
Therefore, to attain efficient optical resolution 
on a polymeric CSP, it may be preferable for the 
polymer to have a regular structure, which will 
result in efficient accumulation of the discrimina- 
tion process. 

2. CELLULOSE ESTERS 

Cellulose and amylose are the most accessible 
naturally occurring optically active polymers. 
These polysaccharides themselves show chiral 
recognition [3,4], but do not afford practical 
CSPs. However, their derivatization brings about 
practically useful CSPs with high chiral recogni- 
tion that can separate a wide range of racemic 
compounds into enantiomers. 

In 1973, Hesse and Hagel [5] found that 
microcrystalline cellulose triacetate (MCI) (Fig. 
2, 1) prepared under heterogeneous reaction 
conditions showed a high chiral recognition abili- 

OCOCH, 

1 2 

3 4 

Fig. 2. Cellulose triacetate (l), tribenzoate (2) and tris(4- 
methylbenzoate) (3) and amylose tribenzoate (4). 

ty. This chiral recognition ability originates from 
the crystal structure of native cellulose. When 
MCT was dissolved in a solvent and adsorbed on 
silica gel, the chiral recognition of the resulting 
triacetate was different from that of MCI’, and 
the elution orders of optical isomers of several 
racemates such as Troger base were reversed 
[6,7]. This change in chiral recognition is as- 
cribed to the different conformations of cellulose 
triacetates [8]. These results clearly indicate that 
the optical resolving ability of polymeric CSPs 
depends greatly on their higher order structure. 
Compounds having aromatic groups are particu- 
larly well resolved [9,10]. Racemic compounds 
may be incorporated into the chiral cavity con- 
sisting of MCT chains for chiral recognition. 

Among various kinds of cellulose esters, cellu- 
lose tribenzoate (Fig. 2, 2) and its derivatives 
show high chiral recognition abilities when they 
are adsorbed on macroporous silica gel [6,7,11]. 
The optical resolving abilities of the benzoate 
derivatives are dependent on the substituents on 
the phenyl groups. The most important adsorb- 
ing site of the derivatives may be the carbonyl 
group, and its polarity may be changed by the 
substituents on the phenyl groups. The deriva- 
tive may interact with racemic compounds hav- 
ing carbonyl groups through dipole-dipole inter- 
actions and with compounds having hydroxy or 
amino groups through hydrogen bonding [12,13]. 
The benzoates having an electron-donating sub- 
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Fig. 3. Optical resolution on 1,3-diacetoiybutane (5) on 
celhdose tribenzoate (2) coated on silica gel (a) with CH,CI, 
and (b) with CH,Cl,-nitrobenxene (1O:l). Eluent hexane-2- 
propanol (9o:lO); flow-rate, 0.5 mllmin. 

stituent such as a methyl group showed a higher 
chiral recognition ability than those having an 
electron-withdrawing substituent such as a chloro 
group. The enhancement of electron density on 
the carbonyl oxygen may be important. Thus, 
the 3- or 4-methylbenzoate of cellulose can 
resolve various kinds of racemates. The chiral 
recognition ability of these derivatives also de- 
pends on the process of preparation, which 
influences the higher order structure of CSPs. 
Fig. 3 shows the chromatograms for the optical 
resolution of 1,3-diacetoxybutane (5) on 2 [8]. 
The CSP which was prepared by coating 2 on 
silica gel from a dichloromethane solution cannot 
resolve 5 (Fig. 3a), whereas that from a dichloro- 
methane-nitrobenzene (1O:l) solution can sepa- 
rate 5 into optical isomers (Fig. 3b). 

Fig. 4 shows the compounds resolved on 
cellulose t&(4-methylbenzoate) (3, Chiralcel 
OJ) [14-241. Many drugs have been resolved. 

Recently, Francotte and co-workers [25] re- 

H 

24 C"3 

23 
0-CHCOC(CH,), 

I 

HZN 

24 

S 

Ph-LOAr 

CH2CH#3CH&H$3H 

&t 

Ar=C6H4-p-NO2 
24 

Ar=CBH4-p-CN 
Ar=C6H3-2,4-Cl2 

Fig. 4. Compounds resolved on cellulose tris(4-methylbenzoate) (3, Chiralcel OJ). The numbers next to the structures refer to 
literature references. 
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X 

Cellulose phenylcarbamates 

XI 

6: 4-CHsO 17: 3-CH3 

7: 4-C(CH,), 16: 2-CH, 

6: 4-CHs 19: 3,4-(CH& 

9: 4-C2H5 20: 3,5-(CH& 

10: 4CH(CH& 21: 2,6-(CH& 

11 :H 22: 3.4.5-(CH& 

12: 4-h 
23: 3.5-C& 

13: 4x1 
24: 3.5-F2 

14: 4-F 
25: 3,5-(CF& 

15: 4-CF3 26: 4- -N=N ,-, 

16: 4-NO2 
0 

Fig. 5. Phenylcarbamate derivatives of cellulose. 

ported that the polymer gels of cellulose tris- 
(methylbenzoate)s prepared without using silica 
gel are useful CSPs for HPLC. The gel may be 
suitable for preparative separation. Amylose 
benzoates (4) showed low chiral recognition [26]. 

3. CELLULOSE PHENYLCARBAMATES 

Cellulose tris( phenylcarbamate) (CTPC) and 
its derivatives (Fig. 5, 6-26) are easily prepared 

TABLE 2 

by the reaction of cellulose with corresponding 
phenyl isocyanate derivatives, and give useful 
CSPs for HPLC when coated on silica gel 
[27,28]. 

The optical resolving ability of the phenyl- 
carbamates also depends on the substituents on 
the phenyl groups [27]. Table 2 gives the sepa- 
ration factors (a) for the optical resolution of 
racemates (Fig. 6, 27-36) on eleven 4-substi- 
tuted phenylcarbamates of cellulose (6-16). The 
derivatives having electron-donating substituents 
such as alkyl groups, especially a tert.-butyl 
group (7) [28], or electron-withdrawing sub- 
stituents such as halogens show a higher chiral 
recognition ability than the non-substituted 
phenylcarbamate 11, although the derivatives 
having methoxy or nitro groups show a low 
chiral recognition ability. The most important 
adsorbing site of CTPC for chiral recognition 
may be the carbamate residues near chiral glu- 
cose units, and the polarity of the residue must 
be influenced by the substituents on phenyl 
groups. If an electron-donating substituent such 
as methyl is introduced on the phenyl, the 
electron density of carbonyl will be increased, 
and if an electron-withdrawing group such as 
chloro is introduced, the acidity of the NH group 
will become higher. These inductive effects of 
substituents can be confirmed by ‘H NMR spec- 
troscopy. The NH proton resonances of the 
phenylcarbamate derivatives having electron- 
withdrawing substituents shift downfield com- 

SEPARATION FACl-ORS (a) ON CELLULOSE PHENYLCARBAMATES 

Eluent, hexane-2-propanol (9O:lO); flow-rate, 0.5 mllmin; temperature, 25°C. 

Compound 6 7 8 9 10 11 12 13 14 15 16 

27 I(+) 1.74( +) 1.48( +) l.ll(+) 1.17(+) 1.37(+) 1.19(+) l.lq+) 1.14(+) 1.23(+) I(-) 
28 1.35(-) 1.75(-) 1.52(-) l-57(-) 1.59(-) 1.45(-) 1.29(-) 1.29(-) 1.26(-) 1.30(-) I(+) 
29 1.34(+) 1.27( +) 1.55( +) 1.55( +) 1.43( +) 1.46(+) 1.70( +) 1.68( +) 1.38( +) 1.61( +) 1.33( +) 

30 1.00 2.24(-) 1.35(-) 2.12(-) 2.14(-) 1.45(-) 1.17(-) 1.44(-) I(-) 1.22(-) l(+) 
31 1.15(-) l.SO(-) 1.3q-) 1.33(-) 1.39(-) 1.65(-) 1.21(-) 1.20(-) 1.17(-) 2.04(-) 1(+) 
32 1.00 1.36(+) 1.37( +) 1.59( +) 1.47( +) 1.22(+) 1.95( +) 1.95( +) 1.64(+) 1.48( +) 1.00 

33 l(+) 1.45( +) 1.16(+) 1.22(+) 1.23( +) l.lo(+) 1.13(+) 1.12(+) 1.13(+) 1.14(+) 1.00 
34 l(+) 2.50( +) 1.75( +) 1.76(+) 2.46( +) 1.24( +) 1.79(+) 1.46( +) 1.53( +) 2.06( +) l(+) 
35 1.13(-) 1.22(-) l.u)(-) 1.19(-) 1.15(-) 1.17(-) 1.17(-) 1.16(-) 1.12(-) 1.18(-) I(-) 
36 ca. l( +) 1.07(-) 1.12(-) 1.14(-) 1.17(-) ca. l(-) 1.13(-) 1.2q-) 1.14(-) l.lo(-) 1.00 



4x3 Y. Okamoto and Y. Kaida I J. Chromatogr. A 666 (1994) 403-419 

(C6HJ3C-Y--OH 
W’s 

0 0 

Co(acach 

Ph 
32 33 34 35 

Fig. 6. Racemic compounds used for evaluating optical resolving ability. 

36 

pared with those of the derivatives having elec- 
tron-donating substituents. The elution time of 
acetone becomes longer from left to right in the 
order given in Table 2. Acetone probably inter- 
acts with the NH protons of the carbamate 
residues mainly through hydrogen bonding, as 
shown in Fig. 7. Racemates with a polar group 
probably interact with the carbamate residue 
mainly through hydrogen bonding for efficient 
chiral recognition. For instance, a racemic com- 
pound having a hydroxy group may interact with 
the carbonyl groups of carbamate residues, and 
that having a carbonyl group with the NH groups 
of carbamate residues. On the other hand, the 
derivatives bearing methoxy or nitro groups on 
the phenyl groups show low chiral recognition 

o- 
glucose unit 

0 
___ 

b 

0 ____ 

0 o- 

Fig. 7. Schematic interaction of racemates with a carbamate 
residue. 

abilities. This seems to be ascribable to the fact 
that racemates must interact with these sub- 
stituents far from the main chains of chiral 
polysaccharides. Such an interaction cannot re- 
sult in effective chiral discrimination and will 
reduce the chiral recognition ability of the CSP. 
Accordingly, introduction of a bulky alkoxy 
group such as an isopropoxy group on the phenyl 
group can improve the optical resolving ability 
because the interaction between racemates and 
ether oxygen is prevented owing to steric hin- 
drance [29]. The interaction on the carbamate 
residues appears to be most important to induce 
efficient chiral discrimination. 

The optical resolution of racemates on various 
methyl-substituted phenyl carbamates of cellu- 
lose (8, 17-22) has been examined (Table 3). 
The derivatives bearing methyl groups at the 3- 
or 4-position of phenyl groups show high chit-al 
recognition. Concentrated solutions of these 
derivatives form lyotropic liquid crystal phases 
[27,30]. This indicates that these derivatives 
probably possess the regular higher order struc- 
ture on the silica surface. On the other hand, the 
derivatives bearing a methyl group at the 2- 
position on the phenyl group show low chiral 
recognition abilities and clear liquid crystallinity 
was not observed for 2,6-dimethylphenylcarbam- 
ate. The steric hindrance of methyl groups at the 
2-position may prevent the phenylcarbamate 
from adopting a regular higher order structure. 
In the cellulose phenylcarbamate system, the 
regular higher order structure may be prefer- 
able to attain high chiral recognition, probably 
because the chiral sites existing in the regular 
structure are more suitable to show high chiral 
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TABLE 3 

SEPARATION FACTORS (a) ON CELLULOSE METHYL-SUBSTITUTED PHENYLCARBAMATES 

Eluent, hexane-2-propanol (9O:lO); flow-rate, 0.5 ml/min; temperature, 25°C. 

Compound 8 17 18 19 20 21 22 

27 1.48( +) 
28 1.52(-) 
29 1.55(+) 
30 1.35(-) 
31 1.30(-) 
32 1.37(+) 
33 1.16(+) 
34 1.75( +) 
35 1.20(-) 
36 1.12(-) 

1.45(+) 
1.56(-) 
1.28(+) 

1(-) 
2.63(-) 
1.45( +) 
1.14(+) 
1.29( +) 
1.17(-) 
ca. l(-) 

l(+) 
l.lO(-) 
1.35(+) 

1(-) 
l(+) 
l(+) 
1(-) 
l(+) 
1(-) 
l.lo(+) 

1.49( +) 
2.13(-) 
1.13(+) 
2.39( +) 
1.87(-) 

l(+) 
1.42(-) 
1.32( +) 
1.20(-) 
1.31( +) 

1.32(+) 
2.59(-) 
l&X(-) 
3.17( +) 
1.83(-) 
1.34(+) 
1.41(-) 

l(+) 
1.15(-) 
1.58(+) 

l(+) 
1.17(+) 

1(-) 
1.36(+) 
1.34(-) 

1(-) 
I(-) 
1(-) 
l(+) 
ca. l( +) 

l/48(+) 
1.77(-) 
1X(-) 
1.22( +) 
2.09(-) 

l(+) 
1.21(-) 

l(+) 
1.08(-) 
1.18(+) 

recognition than the sites in other structures. 
Therefore, the chiral recognition ability appears 
to increase with increasing regularity. Of course, 
a polymer with a regular higher order structure 
does not always lead to higher chiral recognition 
than a polymer with an irregular structure, 
because some of chiral sites existing in the 
irregular polymer may show higher chiral recog- 
nition than the sites in the regular polymer. 
However, in this case, an efficient separation 
may be difficult to achieve. 

Among these cellulose phenylcarbamates, 
cellulose tris(3,5-dimethylphenylcarbamate) (20, 
Chiralcel OD) shows a particularly high optical 
resolving ability, affording a practically useful 
CSP. The CSP is stable in an eluent system 
consisting of a mixture of hexane and 2-pro- 
panol. The authors attempted resolution of 510 
racemates on 20; 229 were completely resolved 
and 86 partially resolved, that is, about 62% of 
the racemates were resolved on 20. The CTPC 
derivatives can be applied to the separation of a 
wide range of racemates (Fig.@ [31-1181. 

Although a hexane-Zpropanol mixture has 
been mainly used as the eluent for these cellu- 
lose columns, a water-acetonitrile mixture con- 
taining perchloric acid can also be used as an 
eluent for the optical resolution of several drugs 
such as P-blockers on 20 [119]. The 7r-w inter- 
action between racemates and the phenyl groups 
of CSPs may also play an important role in the 
separation under reversed-phase conditions. 

Such a possibility has also been discussed even in 
normal-phase separations [33]. 

Table 4 shows the chiral recognition abilities 
of various 3,5_disubstituted phenylcarbamates of 
cellulose (20, 23-25) [120]. Large differences 
were observed in the k; and (Y values between 
dimethyl (20) and dichloro (23) or difluoro (24) 
derivatives. The dichlorophenylcarbamate de- 
rivative (23) shows high chiral recognition, but 
does not afford a practical CSP owing to its high 
solubility in solvents. To improve this defect, 23 
was chemically bonded to silica gel [121]. How- 
ever, the chiral recognition ability became lower 
when 10% of hydroxy groups of cellulose were 
chemically bonded to silica gel. The ditrifluoro- 
methyl derivative (25) showed poor chiral recog- 
nition, and the elution times of most of the 
racemates on 25 were shorter than those on 
other derivatives. Ditrifluoromethyl groups seem 
to prevent the racemates from interacting with 
the carbamate residues of 25. 

The exact structures of these phenylcarba- 
mates of cellulose must be determined in order 
to reveal the mechanism of chiral recognition at 
the molecular level. Fig. 9 shows the possible 
structure of cellulose tris(phenylcarbamate) (ll), 
reported by Vogt and Zugenmaier [122] on the 
basis of X-ray analysis. The cellulose derivative 
possesses a conformation of a left-handed three- 
fold (3/2) helix. A chiral helical groove or ditch 
with polar carbamate residues exits along the 
main chain. If a racemate can enter this groove, 
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Fig. 8. Compounds resolved on commercially available polysaccharide columns (see Table 1). Groups: 1 = Axially and planar 
disymmetric compounds; 2 = metal-containing compounds; 3 = compounds possessing chiral sulphur or phosphorous atom; 
4 = hydrocarbon, halide and cyano compounds; 5 = ketones; 6 = amines and derivatives; 7 = acids and derivatives; 8 = alcohols 
and derivatives; 9 = ethers; 10 = oligomers. 

the racemate may be efficiently discriminated 

into enantiomers. To attain efficient separation, 

the helical structure must be highly regular. 

Electron-donating groups such as methyl may 

contribute to stabilizing the above helical con- 

formation through intramolecular hydrogen 

bonding between the carbamate residues and the 

9~7r stacking of phenyl groups. 
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TABLE 4 

OPTICAL RESOLUTION ON 3,5-DISUBSTITUTED CELLULOSE PHENYLCARBAMATES 

Eluents, hexane-Zpropanol (9O:lO); flow-rate, 0.5 mllmin; temperature, 25°C. 

Compound 20 23 24 25 

k; (I k; (Y k; a k; a 

27 0.97( +) 1.32 0.87( +) 1.65 0.88( +) 1.73 0.31( +) 1 
28 2.13(-) 2.59 0.28(-) 1.38 0.34(-) 1.27 0.65(-) 1.42 
29 0.74(-) 1.68 0.56( +) 1.84 0.51( +) 1.81 0.25( +) 1.54 
30 0.83( +) 2.17 0.59( +) 1.41 0.68( +) 1.63 0.20(-) 1 
31 2.36(-) 1.83 1.62(+) 1.11 1.70(+) 1.05 0.79( +) 1 
32 1.37( +) 1.34 0.40( +) 1.29 0.44( +) 1 0.09( +) 1 
33 1.47(-) 1.41 1.55(-) 1.20 2.01(-) 1.18 0.51(-) 1 
34 0.42( +) 1 0.76( +) 1.82 1.72(+) 2.36 0.34( +) 1.47 
3s 1.17(-) 1.15 2.65(-) 1.26 3.62(-) 1.21 1.66(-) 1.09 
36 2.43( +) 1.58 3.08(-) 1.21 3.77(-) ca. 1 1.60(-) 1.28 

Cellulose tris(4-azophenylcarbamate) (26) can 
change its azo group structure between cis and 

Fig. 9. Structure of cellulose trisphenylcarbamate (11) [122]. 
Top, along the chain axis; bottom, perpendicular to the chain 
axis. 

truns by irradiation with light [123]. The chiral 
recognition of 26 depends on the structure of azo 
groups. 

4. AMYLOSE PHENYLCARBAMATE DERIVATIVES 

Amylose phenylcarbamates (Fig. 10, 37-39) 
have also been used as CSPs [36]. In Table 5, the 
results of optical resolution on 37-39 are sum- 
marized. The tris(3,5dimethylphenylcarbamate) 
derivative 37 (Chiralpak AD) exhibits the high- 
est chiral recognition for most racemates. The 
optical resolving abilities of the amylose deriva- 
tives are different from those of the corre- 

X 

Amylose phenylcarbamates 
X- 

37: 315(CH& 

38: Ii 39: 3.5-c& 

Fig. 10. Phenylcarbamate derivatives of amylose. 
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TABLE 5 

OPTICAL RESOLUTION ON AMYLOSE PHENYLCARBAMATES 

Eluent, hexane-Zpropanol (9O:lO); flow-rate, 0.5 ml/min; temperature, 25°C. 

Compound 37 38 39 

27 
28 
29 
30 

31 
32 
33 

34 
35 

36 

k; a 

0.53(+) 1.58 
1.30(+) 1.15 
0.42( +) 3.04 
3.25( +) 2.01 

2.46(-) 2.11 
2.65( +) 1.98 
0.93( +) 1.12 

0.25(-) cu. 1 
0.61(-) ca. 1 

3.14(-) 1.21 

R, 

2.30 
0.75 
6.67 
3.59 

6.38 
5.48 
0.77 

1.23 

k; cl 

0.77( +) 1.28 
0.61 1.00 
0.39( +) 1.46 
1.83( +) 1.52 

1.15(-) 1.53 
1.42( +) 1.86 
2.21( +) 1.51 

1.80(-) 1.28 
1.19(-) cu. 1 

3.72( +) ca. 1 

R, 

1.10 

1.29 
1.70 

1.74 
3.11 
2.27 

0.87 

k: (Y 

0.84( +) 1.34 
0.37 1.00 
0.50( +) 1.32 
0.59(-) 1.11 

l.lo(+) ca. 1 
0.88( +) 2.25 
1.62(+) 1.10 

0.63(+) ca. 1 
1.26(-) ca. 1 

6.08( +) ca. 1 

R, 

2.27 

1.69 

6.05 
1.02 

sponding cellulose derivatives, and both are 
complementary to each other. The most im- 
portant adsorbing site for chiral recognition must 
also be carbamate residues. The structure of 
amylose tris(phenylcarbamate) (38) has been 
reported to be a left-handed fourfold (4/l) helix 
on the basis of X-ray analysis [124]. The differ- 
ence in chiral recognition of cellulose and amy- 
lose derivatives must be due to the different 
configuration of the glucose residue and higher 
order structure. 

The optical resolution of 338 racemic com- 
pounds on 37 has been attempted by our group. 
Among them, 112 racemates have been com- 
pletely resolved and 102 racemates partially 
resolved. Consequently, in the optical resolution 
of 510 racemates by the two 3,5_dimethylphenyl- 
carbamates 20 and 37, 186 racemates have been 
resolved only on 20, 85 only on 37 and 129 on 
both. In total, 400 (78%) of the racemates have 
been resolved at least on one of the two CSPs. 
Some of the racemic compounds efficiently sepa- 
rated on 37 (Chiralpak AD) are shown in Fig. 8. 

5. PHENYLCARBAMATES OF OTHER 

POLYSACCHARIDES 

Phenylcarbamates of other polysaccharides 
(Fig. 11) such as xylan (40), curdlan (41), 
chitosan (42), dextran (43) and inulin (44), were 

*_+“_ --$&o_ 
OR -.. 

xy(M w curdial (41) 
chitosan (42) 

\/ 01 

---$y- m--f& R. -,,,~ 

dextrm (43) 
inulin (44) 

Fig. 11. Phenylcarbamates of polysaccharides. 

also synthesized and their chiral recognition 
abilities were evaluated [27]. Among these de- 
rivative, xylan derivative showed a high chiral 
recognition ability. Xylan tris( 3,5-dichloro- 
phenylcarbamate) separated a calcium ion an- 
tagonist , nicaldipine [85]. 

6. PHENYLCARBAMATES OF OLIGOSACCHARIDES 

The optical resolving abilities of 3,5-dimethyl- 
phenylcarbamates (Fig. 12) of linear oligomers 
of n-glucose, cellooligosaccharides (45, n = 2, 4) 
and maltooligosaccharides (46, IZ = 2-7) and 
cyclic oligomers, a-, p- and y-cyclodextrin (47, 
it = 6-8), were also investigated to elucidate the 
influence of higher order structure of the poly- 
saccharide derivatives on chiral recognition 
[125]. Chiral recognition by the cellooligosac- 
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45 47 

n=2,4 rbz-7 lbC7.8 

,% - 
R= -CONH -Q \ , 

CHa 

Fig. 12. 3,%Dimethylphenylcarbamates of oligosaccharides. 

charide derivatives was lower than that on the 
cellulose derivative 29. On the other hand, the 
maltooligosaccharide derivatives with n = 4-7 
showed a chiral recognition ability similar to that 
of the amylose derivative 37. These results are 
ascribable to the fact that the structures of the 
cellooligosaccharide derivatives are different 
from that of the cellulose derivative and those of 
the maltooligosaccharide derivatives are similar 
to that of the amylose derivative. These structur- 
al difference and similarity were presumed from 
the circular dichroism (CD) spectral data of 
these derivatives. Each of the cyclodextrin de- 
rivatives showed a characteristic chiral recogni- 
tion different from those of other linear oligo- 
mers. 

Many cyclodextrin-based CSPs have been re- 
ported and are commercially available [126,127]. 
Recently, we found that the CSPs consisting of 
3,5-dimethylphenylcarbamoylated p-cyclodextrin 
showed different chiral recognition depending on 
whether &cyclodextrin is chemically bonded to 
silica gel through their secondary hydroxy groups 
at the 2- and 3-position or primary hydroxy 
groups at the 6-position [128]. The derivative 
bonded to silica at the 2- or 3-position showed 
higher optical resolving power. 

7. ARALKYLCARBAMATES OF CELLULOSE AND 

AMYLOSE 

Alkylcarbamates of cellulose, such as methyl- 
and isopropylcarbamates, show low chiral recog- 
nition, but some aralkylcarbamates of cellulose 
and amylose possess high chiral recognition 
abilities [37,129]. As aralkylcarbamates, benzyl- 
(48), 1-phenylethyl- (49), 1-phenylpropyl- (50), 

Y 

415 

OCONH-R 

0 

++ 
0’ 

OCONH-R 
OCOUH-R 

Alll@W 

RI 

54: -FH 
W 

CH3 ” 

Fig. 13. Aralkylcabamates of cellulose (48-52) and amylose 
(54, 55). 

2-methyl-l-phenylpropyl- (51) and l,l-di- 
phenylmethylcarbamates (52) (Fig. 13) have 
been prepared to be used as CSPs. In the 
cellulose derivatives, 49 and 50 showed higher 
chiral recognition abilities than other derivatives. 
Similar results were obtained with respect to 
amylose aralkylcarbamates. These results indi- 
cate that only 1-phenylethyl and 1-phenylpropyl 
groups may be suitable for keeping the regular 
higher order structure of the polysaccharide 
derivatives, which is preferable to attaining effi- 
cient chiral discrimination. 

The influence of the chirality of the l- 
phenylethyl group on the chiral discrimination of 
49 and 54 was also studied [37]. For the cellulose 
derivatives, (R)-49 showed a higher chiral recog- 
nition ability than (R,S)- and (S)-49 derivatives. 
Of the amylose derivatives, (S)-54 was superior 
to other derivatives. Their ‘H NMR and CD 
spectra indicate that the conformation of these 
derivatives may depend on the chirality of the 
1-phenylethyl group. The fact that (Z?)- and 
(Z?S)-49 form lyotropic liquid crystalline phases 
in tetrahydrofuran but (S)-49 does not also 
suggests that the higher order structures of these 
derivatives may be different, depending on the 
chirality. This difference in the structure may 
cause the different chiral recognition abilities. 

In these aralkylcarbamates, the amylose de- 
rivative (S)-54 (Chiralpak AS) often shows the 
highest optical resolving ability for a variety of 
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C,H,CHC,H, 

6N 

C&lp;-CHZCH, 

0 
CH3 

a=l.35 a=152 a=156 

not be the case, because some of the CSPs can 
resolve many compounds. We usually first test 
the separation using Chiralcel OD, followed by 
Chiralcel OJ or Chiralpak AD. With these three 
columns, about 80% of the compounds have 
been resolved. If the separation on these three is 
unsuccessful, then we test Chiralpak AS, Chi- 
ralcel OB and other cellulose-based phases. 

Ph 

a=1.42 ce2.50 aGl.91 

Fig. 14. Compounds efficiently resolved on amylose tris[(S)- 
1-phenylethylcarbamate] [(S)-54, Chiralpak AS]. 

compounds, and many carbonyl compounds 
which cannot be sufficiently resolved on the 
phenylcarbamate derivatives of polysaccharides 
have been resolved on this phase. Some exam- 
ples of compounds that are well resolved. are 
shown in Fig. 14. These include a p-lactam and a 
4-hydroxy-2-cyclopentenone derivative. 

The optical resolving abilities of the deriva- 
tives of l-phenylethylcarbamates of cellulose 
(53) and amylose (55) having a methyl or a 
chloro group on their phenyl groups were also 
evaluated [129]. The chiral recognition depended 
on the nature and position of the substituents on 
the phenyl groups. 

8. CONCLUSIONS 

Among the CSPs discussed, commercially 
available phases are summarized in Table 1 and 
racemic compounds which can be resolved main- 
ly on the carbamate phases are summarized in 
Fig. 8. A very wide range of racemic compounds 
including axially and planar asymmetric com- 
pounds, metal-containing compounds, com- 
pounds possessing chiral sulphur or phosphorus 
atoms, hydrocarbons, halides, cyano com- 
pounds, ketones, amines and their derivatives, 
acids and their derivatives, alcohols and their 
derivatives, ethers and oligomers can be sepa- 
rated into enantiomers. Selection of a chiral 
column capable of resolving a given compound is 
often a time-consuming, troublesome problem. 
In the above polysaccharide systems, this may 

Recently Vandenbosch et al. [130] reported 
that cellulose tris(3$dimethylphenylcarbamate) 
(Chiralcel-OD) is useful for separating racemic 
drugs as well as the protein phases [130]. A 
systematic preparative separation has been de- 
veloped [131]. Accordingly, optical resolution 
with polysaccharide phases will become more 
important not only for analytical separations of 
racemates but also for preparative separations to 
obtain optically active compounds. Resolution 
using a membrane of cellulose tris(3,5-dimethyl- 
phenylcarbamate) has also been examined [132]. 

To develop further excellent polysaccharide- 
based CSPs, clarification of the chiral discrimina- 
tion mechanism on the foregoing derivatives and 
the establishment of a regioselective modification 
method for polysaccharides appear to be neces- 
sary. 
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