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Figure 1. Structures of CSP 1, CSP 2 and CSP 3.
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Figure 2. Chromatograms for the resolution of phenylglycine (Pgy) 
on (a) CSP 1, (b) CSP 2 and (c) CSP 3. For the chromatographic 
condition, see the footnote to Table 1.

Chiral stationary phases (CSPs) based on chiral crown 
ethers have been known to be quite effective in the liquid 
chromatographic resolution of racemic compounds containing 
a primary amino group.1 For example, (+)-(18-crown-6)-2,3, 
11,12-tetracarboxylic acid covalently bonded to silica gel has 
been successfully utilized as CSPs for the liquid chromato-
graphic resolution of racemic compounds containing a 
primary amino group.2 Especially, CSP 1 (Figure 1) developed 
in our laboratory by bonding (+)-(18-crown-6)-2,3,11,12- 
tetracarboxylic acid to 3-aminopropylsilica gel was very 
successful in resolving various racemic primary amino com-
pounds including α-, β- and γ-amino acids,3 aryl α-amino-
ketones,4 tocainide and its analogues,5 racemic amines, 
racemic amino alcohols,6 di- and tri-peptides7 and racemic 
fluoroquinolone antibacterials.2b,8

Even though the chiral recognition mechanism for the 
resolution of racemic primary amino compounds by CSP 1 is 
not clear yet, the enantioselective complexation of the primary 
ammonium ions (R-NH3

+) of analytes inside the cavity of the 
crown ether ring of the CSP has been known to be essential for 

the chiral recognition.2c In addition, the hydrogen bonding 
between the carboxylic acid of (+)-(18-crown-6)-2,3,11, 
12-tetracarboxylic acid and the carbonyl oxygen of α-amino 
acids has been reported to be essential for the chiral reco-
gnition of α-amino acids by the NMR study.9 Based on the 
NMR study, the hydrogen bonding between the carboxylic 
acid of CSP 1 and the carbonyl oxygen of α-amino acids has 
been proposed to be crucial for the chiral recognition of α- 
amino acids.10 However, the role of the carboxylic acid groups 
of the CSP might be different from that of free (+)-(18-crown-6)- 
2,3,11,12-tetracarboxylic acid explored by the NMR study. In 
this study, we wish to explore whether the two free carboxylic 
acid groups of CSP 1 are essential or not for the chiral 
recognition of α-amino acids.

In order to explore the role of the two carboxylic acids of 
CSP 1, we freshly prepared CSP 1 and then divided it into 
three portions. One portion was used for the column packing. 
Each of the other two portions was treated with methanol or 
methylamine in the presence of a coupling agent EEDQ 
(2-ethoxy-1-ehoxycarbonyl-1,2-dihydroquinoline) to afford 
CSP 2 and CSP 3 (Figure 1). The two free carboxylic acid 
groups in CSP 1 are converted to methyl ester groups in CSP 
2 or N-methylamide groups in CSP 3. By comparing the 
chromatographic behaviors of CSP 1, CSP 2 and CSP 3 for the 
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Table 1. Comparison of the resolution of α-amino acids on CSP 1, CSP 2 and CSP 3.a

CSP 1 CSP 2 CSP 3
k1 α RS k1 α RS k1 α RS

Ala 2.59(L) 1.29 1.13 0.88(L) 1.29 1.28 0.86(L) 1.33 0.89
Cys 2.95(L) 1.12 0.49 0.93(L) 1.16 0.42 1.01(L) 1.17 0.38
His 6.42(L) 1.46 1.10 1.24(L) 1.41 0.91 1.65(L) 1.44 0.87
Leu 1.38(L) 1.34 1.24 0.41(L) 1.24 0.54 0.46(L) 1.46 1.39
Pgy 4.58(L) 2.16 4.50 1.28(L) 2.26 2.44 1.54(L) 2.23 3.97
Phe 1.69(L) 1.38 1.49 0.50(L) 1.39 1.14 0.59(L) 1.51 1.46
Ser 2.24(D) 2.34 3.47 0.72(D) 2.29 2.63 0.96(D) 1.92 1.59
Val 0.71(L) 1.43 1.57 0.20(L) 1.40 0.73 0.22(L) 1.43 1.10

aMobile phase: 80% methanol in water + 10 mM sulfuric acid. Flow rate: 0.5 mL/min. Detection: 210 nm UV. Temperature: 20 oC. k1: Retention factor 
of the first eluted enantiomer. The absolute configuration of the first eluted enantiomer is presented in the parenthesis. α: Selectivity factor. RS: 
Resolution. Ala: Alanine, Cys: Cystein, His: Histidine, Leu: Leucine, Pgy: Phenylglycine, Phe: Phenylalanine, Ser: Serine, Val: Valine. 
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Figure 3. Graphical comparison of (a) the retention factors (k1), (b) 
the selectivity factors (α) and (c) the resolutions (RS) for the 
resolution of α-amino acids on CSP 1, CSP 2 and CSP 3. 

resolution of α-amino acids, we expected that the role of the 
two carboxylic acid groups of CSP 1 would be elucidated. 

The chromatographic results for the resolution of α-amino 
acids on CSP 1, CSP 2 and CSP 3 obtained with the use of a 
mixed solvent of methanol-water (80:20, v/v) containing 10 
mM sulfuric acid as a mobile phase are summarized in Table 1. 
As an example, the representative chromatograms for the 
resolution of phenylglycine on CSP 1, CSP 2 and CSP 3 are 
shown in Figure 2. The elution orders shown in Table 1 and 
Figure 2 were determined by injecting configurationally known 
samples. 

As shown in Table 1, the retention factors (k1) for the first 
eluted enantiomers decreased quite much when the carboxylic 
acid groups of CSP 1 were converted to methyl ester groups 
(CSP 2) or to N-methyl amide groups (CSP 3). The graphical 
comparison of the retention factors (k1) for the resolution of α- 
amino acids on CSP 1, CSP 2 and CSP 3 shown in Figure 3a 
clearly demonstrates the significant difference in the retention 
factors (k1). 

The carboxylic acid groups of CSP 1 are expected to 
contribute to the effective hydrogen bonding interaction with 
analytes. However, by converting the carboxylic acid groups 
of CSP 1 to the methyl ester or N-methyl amide groups, the 
hydrogen bonding interaction is expected to be diminished 
quite much and consequently, the retention factors (k1) on 
CSP 2 or CSP 3 should decrease compared to those on CSP 1. 
Retention factors (k1) on CSP 3 are slightly greater than those 
on CSP 2. The electron density of the carbonyl oxygen of the 
N-methyl amide group is greater than that of the carbonyl 
oxygen of the methyl ester group. Consequently, the hydrogen 
bonding interaction between the carbonyl oxygen of the 
N-methyl amide group of CSP 3 and the analytes might be 
greater than that between the carbonyl oxygen of the methyl 
ester group of CSP 2 and the analytes. In addition, the N-H 
hydrogen of the N-methyl amide group of CSP 3 can provide 
additional hydrogen bonding interaction with the analytes. In 
this instance, the retention factors (k1) on CSP 3 are expected 
to be greater than those on CSP 2. 

In contrast to the retention factors (k1), the selectivity 
factors (α) on CSP 1 are not so much different from those on 
CSP 2 or CSP 3 as shown in Table 1 and Figure 3b. In some 

cases, the selectivity factors (α) on CSP 2 or CSP 3 are even 
greater than those on CSP 1. These very surprising results 
indicate that the hydrogen bonding between the carboxylic 
acids of the CSP and the carbonyl oxygen of α-amino acids, 
which has been proposed to be crucial for the chiral 
recognition,10 is not essential for the chiral recognition in the 
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resolution of α-amino acids on CSP 1. In addition, the elution 
orders were identical on the three CSPs as shown in Table 1, 
indicating that the chiral recognition mechanisms are quite 
similar or identical on the three CSPs. Consequently, we 
expect that the two carboxylic acids groups of CSP 1 are not 
working as enantioselective hydrogen bonding sites even 
though they are working as non-enantioselective hydrogen 
bonding sites. Instead, each of the free carboxylic acid groups 
of CSP 1, the methyl ester groups of CSP 2 or the N-methyl 
amide groups of CSP 3 do play a quite similar role such as 
chiral barrier sites for the chiral recognition. At this point it 
should be noted that the hydrogen bonding interactions 
between the carbonyl oxygen of the methyl ester group of 
CSP 2 or the N-methyl amide group of CSP 3 and the analytes 
are also non-enanatioselective and consequently, they are not 
responsible for the chiral recognition, but responsible only for 
the retention of analytes. 

Resolutions (RS) on CSP 1 are generally greater than those 
on CSP 2 or CSP 3 except for alanine and leucine as shown in 
Table 1 and Figure 3c. The relatively short retention times on 
CSP 2 and CSP 3 were expected to make the resolution (RS) 
on these CSPs worse compared to those on CSP 1.

In conclusion, in this study, we demonstrated that the free 
carboxylic acid groups of CSP 1 are not essential for the chiral 
recognition. Instead, the carboxylic acid groups of CSP 1 
might play a role as chiral barrier sites for the chiral recogni-
tion as the methyl ester groups of CSP 2 or the N-methyl 
amide groups of CSP 3 might do. 

Experimental

General. Chromatography was performed with an HPLC 
system consisting of a Waters model 510 HPLC Pump, a 
Rheodyne model 7725i injector with a 20 µL sample loop, a 
Waters 2487 Absorbance Detector and a YoungLin Autochro 
Data Module (Software: YoungLin Autochro-WIN 2.0 plus). 
The temperature of the chiral column was maintained at 20 oC 
by using a Julabo F30 Ultratemp 2000 cooling circulator. 

Racemic and optically active α-amino acids used in this 
study were available from Aldrich. Each of racemic and 
optically active samples was dissolved in methanol (usually 
1.0 mg/mL) and then used for the resolution on the CSPs. The 
usual injection volume was 3.0 µL.

Preparation of CSPs and column packing. CSP 1 was 
prepared by bonding (+)-(18-crown-6)-2,3,11,12-tetracar-
boxylic acid (1.0 g, 2.28 mmol) to aminopropylsilica gel (7.9 
g, Kromasil 5 µm, 100 Å) via the same procedure as that 
reported previously except with the use of 2,6-lutidine instead 
of triethylamine.3a The elemental analysis of aminopro-
pylsilica gel (C, 5.80%; H, 1.47%; N, 2.00%) and CSP 1 (C, 
6.55%; H, 1.74%; N, 1.96%) showed that the loading of (+)- 
(18-crown-6)-2,3,11,12-tetracarboxylic acid per gram of 
aminopropylsilica gel was 0.039 mmol based on carbon.

CSP 1 thus prepared was divided into three portions. One 
portion was reserved for column packing. Each (2.5 g) of the 
other two portions of CSP 1 was suspended in toluene (60 mL) 
in 150 mL two-neck round bottom flask equipped with a 

Dean-Stark trap, a condenser and a magnetic stirrer. The 
heterogeneous mixture was heated to reflux to remove water 
azeotropically. After the complete azeotropic removal of 
water, toluene was removed by rotary evaporation. To the 
residue were added anhydrous methanol (30 mL) and EEDQ 
(0.35 g, 1.42 mmol). The whole mixture was stirred at 0 oC for 
two days. The modified silica gel (CSP 2) was washed succes-
sively with methanol, acetone, ethyl acetate, methylene chloride, 
hexane and ether and then dried under high vacuum. Based on 
the elemental analysis of CSP 1 and CSP 2 (C, 6.64%; H, 1.82%; 
N, 1.94%), methanol used for the formation of methyl ester 
groups of CSP 2 was calculated to be 0.083 mmol per gram of 
CSP 1 based on the carbon. 

CSP 3 was prepared by treating CSP 1 with methylamine in 
the presence of EEDQ via the same procedure for the prepara-
tion of CSP 2. Based on the elemental analysis of CSP 1 and 
CSP 3 (C, 6.64%; H, 1.84%; N, 2.06%), methylamine used for 
the formation of N-methyl amide groups of CSP 3 was 
calculated to be 0.075 mmol per gram of CSP 1 based on the 
carbon. Each of three CSPs thus prepared (CSP 1, CSP 2 and 
CSP 3) was slurried in methanol and packed into 150 × 4.6 mm 
I.D. stainless steel HPLC column by using a conventional 
slurry packing method with an Alltech slurry packer.
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