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multiple-mode mobile phase conditions including normal 
phase, reversed phase, and polar organic mobile phase 
conditions.

Keywords Chiral stationary phase · C-methylcalix[4]
resorcinarene · Crown ether · Chiral separation · High-
performance liquid chromatography

Introduction

Regardless of drugs obtained from natural sources or from 
synthetic means, a large number of the commercially avail-
able drugs are chiral and may exist in different enantiomeric 
forms [1–3]. Enantiomers of the drug may have differences 
in their potency, toxicity and behaviors in the biological 
systems [3–5]. For instance, one enantiomer of dopamine is 
used to treat Parkinson’s disease, while the other is actually 
toxic to the nerve cells [3]. Therefore, there has been grow-
ing concern and awareness of the impact brought about by 
chirality. The consideration of chirality of drug compounds 
has become a vital part in drug discovery and research [1–
3]. Apart from this, there are also other potential benefits of 
having enantiopure drug such as reduction of drug dosage 
and new opportunities for a previously marketed racemate 
drug to be re-introduced as an enantiomerically pure medi-
cine [2, 3]. Currently, there are still a large number of drug 
compounds which are being marketed as racemic mixtures 
and pharmaceutical companies are keen to explore efficient 
and economic ways to develop these chiral drugs as pure 
enantiomers [2–4].

Besides asymmetric synthesis of the desired enan-
tiomeric drug, chiral separation is yet another effec-
tive method that has gained importance to obtain enan-
tiopure drug compounds [4–7]. Among the various chiral 
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separation methods available, the use of liquid chromato-
graphic separation of enantiomers on effective chiral sta-
tionary phases (CSPs) has been one of the most convenient 
and economical ways for both analytical and preparative 
purposes [7, 8]. It is also useful in detection of the respec-
tive enantiomeric composition of the chiral drugs [3]. Con-
sequently, various efforts have been devoted to prepare 
effective CSPs and a great number of CSPs materials were 
developed [2–4]. At present, many successful chiral separa-
tions have been achieved in liquid chromatography using 
different types of effective CSPs containing various chiral 
selectors including cyclodextrins [4–8], crown ethers [2], 
calixarenes [9], and calixresorcinarenes [10].

Crown ethers are macrocyclic polyethers with spe-
cific cavity sizes [11]. Due to the cavity structure, crown 
ethers can form host–guest complexes with many amine-
containing compounds and metal ions [5, 11]. Excellent 
enantiomeric discriminating ability of a novel type of chiral 
selectors calix[4]azacrowns [12, 13], which are made up of 
calix[4]arenes capped with aza-crown ethers, was achieved 
toward the enantiomers of phenylalanine and alanine 
methyl ester [12]. Another chiral selector that has gained 
our interest is C-methylcalix[4]resorcinarene (MCR), 
which is a derivative of calix[4]resorcinarene. MCRs are 
reported to be able to form stable host–guest complexes 
with various guest molecules [14–16]. Our group previ-
ously reported two types of MCR-bonded CSPs MCR-HPS 
and bromoacetate-substituted MCR-HPS (BAMCR-HPS) 
[10]. Excellent enantioselectivity for some chiral drug 
compounds was achieved on these MCR-bonded phases. 
Therefore, it is our interest to prepare and evaluate a new 
type of aza-crown ether-capped MCR-bonded phase for use 
as CSP in liquid chromatography.

In this article, we describe the first synthetic method 
to prepare aza-15-crown-5-capped (3-(C-methylcalix[4]
resorcinarene)-2-hydroxypropoxy)-propylsilyl-appended 
silica particles (15C5-MCR-HPS) via reaction of BAMCR-
HPS with excessive aza-15-crown-5 in anhydrous ace-
tonitrile in the presence of potassium carbonate. The 
chromatographic performance of the new bonded phase 
15C5-MCR-HPS is evaluated with several disubstituted 
benzenes and some chiral drug compounds in HPLC under 
normal phase, reversed phase, and polar organic mobile 
phase conditions.

Experimental

Instrumentation

HPLC was performed on an Agilent Technologies (Wald-
bronn, Germany) Model 1100 system consisting of an 
autosampler, a binary pump, a degasser, and a multiple 

wavelength UV detector. A Chemstation software (Rev. 
A.09.03) was applied to record and process the obtained 
chromatographic data. A Perkin Elmer (Norwalk, CT, 
USA) 2400 elemental analyzer was used for elemental 
analysis of the synthetic silica particles.

Chemicals

Aza-15-crown-5 (15C5) and C-methylcalix[4]resorcinarene 
were purchased from Sigma-Aldrich (St. Louis, MO, USA) 
and were dried in 0.1-mmHg (1 mmHg = 133.322 Pa) vac-
uum at 80 °C for 12 h before chemical reaction. Premium Rf 
spherical silica gel (3 μm, 100Å) was obtained from Sorb-
ent Technologies (Atlanta, GA, USA). The disubstituted 
benzene derivatives were purchased from Fluka (Buchs, 
Switzerland). Analytical-grade acetic acid (AA), phos-
phoric acid, triethylamine (TEA), and chiral compounds 
including benzyl mandelate, furoin, indapamide, indopro-
fen, α-methylbenzylamine, methyl mandelate, metoprolol, 
1-(1-naphthyl)ethylamine, 1-phenyl-1-propanol, pindolol, 
promethazine, propanolol, proglumide and warfarin were 
obtained from Sigma-Aldrich (St. Louis, MO, USA). HPLC-
grade solvents acetonitrile (ACN), hexane, isopropanol 
(IPA), and methanol (MeOH) were purchased from Merck 
(Darmstadt, Germany). Ultrapure water was obtained using a 
Milli-Q water purification system (Bedford, MA, USA).

Preparation of Bonded Silica Particles 15C5‑MCR‑HPS

The 15C5-MCR-HPS was synthesized using BAMCR-
HPS as starting materials. The BAMCR-HPS was pre-
pared according to our previously reported procedure [10]. 
Briefly, MCR was first anchored onto silica particles, and 
then treated with bromoacetyl chloride in the presence of 
aluminum chloride to prepare BAMCR-HPS. The amount 
of anchored MCR and substituted bromoacetate moieties in 
BAMCR-HPS were 93.8 and 140.1 μmol  g−1, respectively. 
Accordingly, the degree of substitution of bromoacetate 
in BAMCR-HPS was calculated as 1.5. The 15C5-MCR-
HPS particles were finally prepared by reaction of the 
obtained BAMCR-HPS with excess aza-15-crown-5 in 
anhydrous acetonitrile in the presence of potassium car-
bonate. Figure 1 shows the synthetic routine. Typically, 
after 0.4 g (1.82 mol) of aza-15-crown-5 was resolved in 
50 mL anhydrous acetonitrile containing 8 mg of potas-
sium carbonate, 2 g of dry BAMCR-HPS was immedi-
ately added to the reaction mixture. Then, the mixture was 
refluxed for 24 h under the protection of dry nitrogen gas. 
The obtained 15C5-MCR-HPS was filtered with G4 glass 
filter, successively washed with acetonitrile, acetone, water, 
and methanol, and then purified by Soxhlet extraction with 
acetone overnight. After drying for 6 h under vacuum at 
60 °C, elemental analysis was performed for the bonded 
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phase15C5-MCR-HPS. The result of C, 5.68%; H, 1.08%; 
indicated the amount of 15-crown-5 moieties in the new 
bonded phase as 82.8 μmol  g−1. Accordingly, the degree of 
substitution of 15-crown-5 was calculated to be around 0.9 
in the 15C5-MCR-HPS phase.

Chromatographic Procedures

The new phase 15C5-MCR-HPS was packed into a 
150 mm × 2.0 mm I.D. stainless steel column (Phenom-
enex, Torrance, CA, USA) to use as CSP using a previ-
ously reported procedure [4]. The mixtures of hexane/
isopropanol, methanol/water, acetonitrile/water, acetoni-
trile/1% triethylamine-acetate (TEAA) buffer solution, 
methanol/phosphate buffer solution, acetonitrile/phosphate 
buffer solution, and methanol/acetonitrile/acetic acid/tri-
ethylamine by different volume ratios were used as mobile 
phases for the HPLC separations. The TEAA buffer was 
obtained by adding proper amount of acetic acid into 1% 
triethylamine (TEA) water solution to achieve the required 
pH [17]. Similarly, the phosphate buffers were prepared 
via our previously established procedure [5] by adding 
sodium hydroxide solution into 5 mM phosphoric acid to 
achieve the proper pH. The mobile phase flow rate was set 

as 0.2 mL/min. The samples (0.5–5 mmol/L) were resolved 
in the mobile phases and filtered through 0.2 µm membrane 
before injection. The injection volume is about 0.5–10 µL. 
The void volume marker (t0) was determined by the base-
line perturbation resulting from injection of the mobile 
phase. The HPLC separation was performed at room tem-
perature. Confirming evidences for chiral separation were 
supplied by at least duplicate separations with UV detec-
tion at different wavelengths from 210 to 280 nm.

Results and Discussion

Separation of the Positional Isomers of the 
Disubstituted Benzenes

The 15C5-MCR-HPS-packed column was first evalu-
ated by separating positional isomers of nitroaniline 
and nitrophenol under both normal and reversed phase 
conditions. Table 1 lists the retention factor of the sol-
utes under two reversed phase conditions using mix-
tures of methanol/water and acetonitrile/water as mobile 
phases. It was observed that the retention factors of all 
the solutes generally increased when the content of 
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methanol or acetonitrile decreased. This implied that the 
15C5-MCR-HPS had hydrophobic interactions with the 
solutes. These observations were similar to the reten-
tion trend of the disubstituted benzenes on the BAMCR-
HPS-packed column [10]. Interestingly, compared to the 
starting material BAMCR-HPS [10], the new bonded 
phase 15C5-MCR-HPS exhibited generally higher reten-
tion for the same solutes under similar conditions using 
mixture of methanol/water as mobile phases (except for 
100% methanol conditions). The elution order of the 
solutes was also different between the BAMCR-HPS-
packed column and the 15C5-MCR-HPS-packed column 
using the mixture of methanol/water as mobile phases. 
For example, the p-nitrophenol was eluted first among 
the isomers of nitrophenol on the BAMCR-HPS-packed 
column; however, m-nitrophenol was eluted first on the 
15C5-MCR-HPS-packed column. This suggests the intro-
duction of aza-15-crown-5 moieties in the new bonded 
particles 15C5-MCR-HPS produced other interactions 
such as extra host–guest interaction and hydrogen inter-
action with the solutes and exhibited different reten-
tion characteristics from the starting synthetic material 
BAMCR-HPS.

As shown in the Table 1, the elution order of the sol-
utes on the 15C5-MCR-HPS-packed column was not the 
same under the two reversed phase conditions with the 
same water contents in the mobile phases. For example, 
the m-nitroaniline was eluted last among the isomers 
of nitroaniline from 40 to 5% acetonitrile. However, 
o-nitroaniline was eluted last from 40 to 5% methanol. 
This implies that the 15C5-MCR-HPS is a versatile 
bonded phase which can easily provide different sepa-
ration and retention under the reversed phase conditions 
when switching different organic modifiers for the mobile 
phases.

Interestingly, we found that the o-nitroaniline was 
always eluted first among the isomers of nitroaniline under 
normal phase conditions using mixture of isopropanol/
hexane as mobile phases. This elution order is completely 
different from that under the two revered phase condi-
tions. Baseline separations of all the positional isomers 
of the nitrophenols and nitroanilines were easily achieved 
on the 15C5-MCR-HPS-packed column. Typical chroma-
togram depicting the separation of the isomers of o-, m-, 
p-nitroaniline is shown in Fig. 2. As shown in Fig. 2, the 
elution order of the nitroaniline isomers on 15C5-MCR-
HPS-packed column was o < p < m when using mixture of 
isopropanol/hexane (5:95, v/v) as mobile phase. However, 
the elution order (o < m < p) was different on the BAMCR-
HPS-packed column [10]. This confirms that the aza-15-
crown-5 moieties in 15C5-MCR-HPS play an important 
role in the retention and separation process.

Ta
bl

e 
1 

 R
et

en
tio

n 
fa

ct
or

s 
(k

) 
fo

r 
di

su
bs

tit
ue

d 
be

nz
en

es
 o

n 
th

e 
15

C
5-

M
C

R
-H

PS
-p

ac
ke

d 
co

lu
m

n 
un

de
r 

tw
o 

re
ve

rs
ed

 p
ha

se
 c

on
di

tio
ns

a  C
on

di
tio

ns
: 1

50
 m

m
 ×

 2
.0

 m
m

 I
.D

 s
ta

in
le

ss
 s

te
el

 c
ol

um
n 

pa
ck

ed
 w

ith
 3

 μ
m

 1
5C

5-
M

C
R

-H
PS

 p
ar

tic
le

s;
 0

.2
 m

L
/m

in
 m

ob
ile

 p
ha

se
 fl

ow
 r

at
e;

 2
54

 n
m

 U
V

 d
et

ec
tio

n

So
lu

te
s

M
ob

ile
 p

ha
se

 c
om

po
si

tio
n 

(v
/v

)a

10
0:

 0
80

: 2
0

60
: 4

0
40

: 6
0

20
: 8

0
10

: 9
0

5:
 9

5

M
eO

H
:H

2O
A

C
N

:H
2O

M
eO

H
:H

2O
A

C
N

:H
2O

M
eO

H
:H

2O
A

C
N

:H
2O

M
eO

H
:H

2O
A

C
N

:H
2O

M
eO

H
:H

2O
A

C
N

:H
2O

M
eO

H
:H

2O
A

C
N

:H
2O

M
eO

H
:H

2O
A

C
N

:H
2O

o-
N

itr
oa

ni
lin

e
0.

14
0.

11
0.

43
0.

20
1.

09
0.

71
1.

88
1.

41
4.

51
2.

57
6.

78
3.

82
8.

30
5.

30

m
-N

itr
oa

ni
lin

e
0.

24
0.

42
0.

46
0.

21
1.

10
0.

75
1.

72
1.

53
3.

74
3.

35
5.

48
5.

03
6.

70
6.

46

p-
N

itr
oa

ni
lin

e
0.

15
0.

19
0.

45
0.

20
1.

08
0.

71
1.

86
1.

38
4.

46
2.

53
6.

52
3.

97
7.

77
5.

50

o-
N

itr
op

he
no

l
0.

12
0.

12
0.

42
0.

19
1.

04
0.

69
1.

66
1.

36
3.

41
2.

28
5.

41
3.

08
6.

67
4.

04

m
-N

itr
op

he
no

l
0.

08
0.

12
0.

36
0.

17
0.

92
0.

64
1.

41
1.

24
2.

79
2.

02
3.

88
2.

65
4.

26
3.

30

p-
N

itr
op

he
no

l
0.

09
0.

14
0.

37
0.

17
1.

09
0.

65
1.

43
1.

23
2.

81
2.

02
3.

95
2.

69
4.

38
3.

35



1011Preparation and application of aza-15-crown-5-capped methylcalix[4]resorcinarene-bonded…

1 3

Evaluation of the 15C5‑MCR‑HPS‑Packed Column 
by Separation of the Chiral Drug Compounds

As previously reported [10], after the MCR was linked 
with 3-glycidoxypropyltrimethoxysilane, a chiral ligand 
(3-(C-methylcalix[4]resorcinarene)-2-hydroxypropoxy)-
propyltrimethoxysilane (MCR-HP) was formed and suc-
cessfully used as a chiral selector in the bonded-phases 
MCR-HPS and BAMCR-HPS. As shown in Fig. 1, a new 
complex chiral ligand aza-15-crown-5-capped MCR-HP 
was used as a novel chiral selector in the new bonded phase 
15C5-MCR-HPS. The enantioseparation performance of 
the 15C5-MCR-HPS-packed column was evaluated using 
some chiral drug compounds under normal phase, reversed 
phase, and polar organic mobile phase conditions. Figure 3 
shows the progressive separation of the enantiomers of war-
farin on 15C5-MCR-HPS-packed column as mobile phase 
composition of acetonitrile/water was varied. As shown in 
Fig. 3, decreasing the acetonitrile content resulted in longer 
retention, higher enantioselectivity, and higher enantiosep-
aration resolution. Hence, the main enantiomeric recogni-
tion mechanism appears to be the formation of host–guest 
complex in which the hydrophobic portion of the solute is 
included in the cavity of MCR-HP [10, 18], and the crown 
ether moiety provides further other interactions [19], e.g., 
hydrogen-bonding interaction and dipolar interaction, etc., 
with the solute. Complete baseline enantioseparation for 
warfarin was easily achieved when acetonitrile content was 
reduced to 30% (or less) on the 15C5-MCR-HPS-packed 
column.

The bonded phase 15C5-MCR-HPS contains a new 
type of complex chiral selector aza-15-crown-5-capped 
MCR-HP with two recognition sites: MCR-HP and 
15-crown-5. Due to the multiple interactions available 
and cooperative functioning of the anchored MCR-HP 
and aza-15-crown-5 moieties, the new stationary phase 
15C5-MCR-HPS has exhibited excellent performance 

for separation of enantiomers of some chiral drug com-
pounds under kinds of mobile phase conditions. Table 2 
lists the retention factor (k), selectivity (α), and separa-
tion resolution (RS) for the chiral compounds resolved 
on the 15C5-MCR-HPS-packed column under polar 
organic mobile phase, normal phase, and reversed phase 
conditions, including the addition of TEAA and phos-
phate buffers into the mobile phases. Typical chromato-
grams of the enantioseparation of the chiral compounds 
on the 15C5-MCR-HPS-packed column are shown in 
Fig. 4. The column efficiency for the 15C5-MCR-HPS-
packed column was determined as 22,800 plates  m−1 
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under reversed-phase condition using the second enanti-
omer (eluted out at second order) of 1-phenyl-1-propanol 
as solute and methanol/water (20:80, v/v) as the mobile 
phase. This column efficiency is much better than the 
previously reported BAMCR-HPS-packed column under 
the same conditions. The higher column efficiency allows 
the 15C5-MCR-HPS to be able to achieve better enan-
tioseparation resolution than the BAMCR-HPS phase. 
Compared to the single-type chiral selector MCR-con-
taining BAMCR-HPS-packed column [10], complex chi-
ral selector aza-15-crown-5-capped MCR-HP-containing 
15C5-MCR-HPS-packed column exhibited better enan-
tioseparations for some chiral compounds. For example, 
under similar mobile phase conditions, better enanti-
oselectivities and enantiomeric resolutions for warfarin 
(no enantioseparation on BAMCR-HPS [10], however, 
baseline enantioseparation (α = 1.36, RS = 2.03) on 
15C5-MCR-HPS) and indapamide (α = 1.45,  RS = 2.09 
on BAMCR-HPS [10] and α = 1.76, RS = 2.28 on 
15C5-MCR-HPS) and 1-phenyl-1-propanol (α = 1.89, 
RS = 2.79 on BAMCR-HPS [10] and α = 2.24, 
RS = 5.78 on 15C5-MCR-HPS) were achieved on the 
15C5-MCR-HPS-packed column. This is mainly due to 
co-operative functioning of the MCR-HP and aza-15-
crown-5 moieties in the anchored aza-15-crown-5-capped 
MCR-HP selector of 15C5-MCR-HPS. This enhanced 

the host–guest interaction with the solute and resulted in 
improved chiral recognition and enantioselectivity. Com-
pared to the previously reported complex chiral selector 
rifamycin-capped-β-cyclodextrin-containing RCD-HPS-
packed column [2], the 15C5-MCR-HPS-packed col-
umn exhibited better enantioseparations for some chiral 
compounds. For example, better enantioseparations for 
propanolol (α = 1.18, RS = 0.87 on RCD-HPS [2] and 
α = 1.31, RS = 1.27 on 15C5-MCR-HPS) and metopro-
lol (α = 2.03,  RS = 1.21 on RCD-HPS [2] and α = 2.56, 
RS = 1.36 on 15C5-MCR-HPS) were achieved on the 
15C5-MCR-HPS-packed column under the same mobile 
phase (methanol/water (40:60, v/v) for propanolol and 
acetonitrile/water (20:80, v/v) for metoprolol) condi-
tions. Compared to the reported crown ether-capped-β-
cyclodextrin-containing AQ2D18C6-CD-HPS-packed 
column [5], the 15C5-MCR-HPS-packed column also 
exhibited better enantioseparations for some chiral com-
pounds. For example, better enantiomeric separation 
for 1-pheny1-1,2-ethanediol (α = 1.09, RS = 1.43 on 
AQ2D18C6-CD-HPS [5] and α = 4.57, RS = 3.64 on 
15C5-MCR-HPS) was achieved on the 15C5-MCR-HPS-
packed column under the similar mobile phase condition. 
This suggests that the new stationary phase 15C5-MCR-
HPS not only is novel in chemical structure but also has 
some advantages for use as CSP for chiral separation. 

Table 2  Typical enantioseparation data for chiral compounds on 15C5-MCR-HPS-packed column

α is the selectivity

RS is the resolution
a k1 is the retention factor for the enantiomer eluted out first

Solutes Mobile phase Separation  dataa

k1 α RS

1-Phenyl-1-pentanol Isopropanol/hexane (3:97, v/v) 0.35 2.09 3.23

Warfarin Isopropanol/hexane (3:97, v/v) 2.41 1.36 2.03

Promethazine Acetonitrile/water (30:70, v/v) 0.73 6.56 7.74

Metoprolol Acetonitrile/water (20:80, v/v) 0.42 2.56 1.36

Indapamide Acetonitrile/water (10:90, v/v) 2.42 1.83 2.30

Benzyl mandelate Acetonitrile/water (5:95, v/v) 1.40 3.08 4.13

1-Pheny1-1,2-ethanediol Acetonitrile/water (5:95, v/v) 0.32 4.39 3.25

Methyl mandelate Acetonitrile/water (5:95, v/v) 0.52 2.62 2.20

Proglumide Acetonitrile/phosphate buffer, pH8 (20:80, v/v) 0.82 1.96 2.27

1-Pheny1-1,2-ethanediol Acetonitrile/phosphate buffer, pH7.5 (10:90, v/v) 0.38 4.57 3.64

Furoin Acetonitrile/TEAA, pH 7 (10:90 v/v) 0.50 2.24 2.06

Ibuprofen Methanol/water (40:60, v/v) 2.66 2.57 3.26

Propanolol Methanol/water (40:60, v/v) 2.55 1.31 1.27

1-Phenyl-1-propanol Methanol/water (20:80, v/v) 1.91 2.24 5.78

Indapamide Methanol/water (10:90, v/v) 2.11 1.76 2.28

α-Methylbenzylamine Methanol/phosphate buffer, pH4 (40:60, v/v). 1.39 5.29 6.83

1-(1-Naphthyl)ethylamine Methanol/acetonitrile/acetic acid/TEA (90:10:0.2:0.2, v/v/v/v) 0.23 1.34 1.58
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There has been no observable change of chromatographic 
performance of the 15C5-MCR-HPS-packed column for 
continuous usage over 10 months under various mobile 
phase conditions including addition of TEAA and phos-
phate buffer solutions. This demonstrates that the new 
phase 15C5-MCR-HPS is a fairly robust CSP with poten-
tial wide applications for chiral separations in liquid 
chromatography.

Conclusions

A new type of aza-15-crown-5-capped MCR-bonded silica 
particles 15C5-MCR-HPS have been successfully synthe-
sized and applied as chiral stationary phase in HPLC. The 
new phase contains a novel type of complex chiral selec-
tor with two recognition moieties: MCR-HP and aza-15-
crown-5. Due to cooperative functioning of the anchored 
MCR-HP and aza-15-crown-5 moieties and the multi-
ple interactions available, the 15C5-MCR-HPS phase has 
shown excellent selectivity for the separation of aromatic 
positional isomers and enantiomers of some chiral drug 
compounds under multiple-mode mobile phase conditions. 
The new phase has also exhibited fairly robust chromato-
graphic performance in HPLC.
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