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a b s t r a c t

A liquid chromatographic chiral stationary phase (CSP) based on (+)-(18-crown-6)-2,3,11,12-
tetracarboxylic acid was applied for the first time to the resolution of biologically important
1-aryl-1,2,3,4-tetrahydroisoquinolines. The unusual resolution of cyclic secondary amino com-
pounds on a chiral crown ether-based CSP was quite successful with the use of a mixture of
methanol–acetonitrile–triethylamine at a ratio of 30/70/0.5 (v/v/v) as a mobile phase. From the chro-
eywords:
hiral stationary phase
nantiomer
iquid chromatography
esolution

matographic behaviours for the resolution of seven 1-aryl-1,2,3,4-tetrahydroisoquinolines, the steric
bulkiness of the 1-phenyl ring at the chiral center of analytes was concluded to play an important role in
the chiral recognition.

© 2011 Elsevier B.V. All rights reserved.
-Aryl-1,2,3,4-tetrahydroisoquinolines

. Introduction

1-Aryl-1,2,3,4-tetrahydroisoquinolines have been known to
how significant pharmacological activities. For example, 1-
henyl-1,2,3,4-tetrahydroisoquinoline (1, Fig. 1) has been reported
o show an antagonistic effect at NMDA (N-methyl-d-aspartate)
eceptors by interacting with their phencyclidine binding
ite [1–3]. Between the two enantiomers, the (S)-enantiomer
f 1 was reported to show higher affinity than the (R)-
nantiomer [2]. The (S)-enantiomer of 1 has also been incor-
orated into Solifenacin (2, Fig. 1), which is used for the
reatment of the symptoms of overactive bladder [3–5]. As
n another example, N-acetyl-1-(4-chlorophenyl)-6,7-dimethoxy-
,2,3,4-tetrahydroisoquinoline (3, Fig. 1) has been known to
how an antagonistic effect at AMPA [2-amino-3-(3-hydroxy-5-
ethylisoxazol-4-yl)propionic acid] receptors and known to be

seful as a potential neuroprotective agent in the treatment of neu-
ological diseases, such as epilepsy, ischemia, Parkinson’s disease,
nd multiple sclerosis [3,6,7]. Especially, the anticonvulsant effects
f 3 were reported to reside mainly in the (R)-enantiomer [8]. Con-

equently, optically active 1-aryl-1,2,3,4-tetrahydroisoquinolines
ave been the target in a number of enantioselective synthesis
3,9]. In this instance, during the process of developing chiral drugs
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related to 1-aryl-1,2,3,4-tetrahydroisoquinolines, the analytical
methods for the exact determination of the enantiomeric composi-
tion of 1-aryl-1,2,3,4-tetrahydroisoquinolines are very important.

Among the various methods of separating enantiomers, liq-
uid chromatographic separation on chiral stationary phases (CSPs)
has emerged as one of the major workhorses for analytical pur-
poses, such as the determination of the enantiomeric composition
of chiral drugs or stereoselective pharmacokinetic analysis, and
for preparative purposes [10]. For the enantiomeric separation
of 1-aryl-1,2,3,4-tetrahydroisoquinolines and/or their derivatives,
liquid chromatographic CSPs based on �-cyclodextrin [11] or
cellulose tris-(3,5-dimethylphenycarbamate) [6,12] have been
utilized. However, crown ether-based CSPs have not been uti-
lized in the resolution of 1-aryl-1,2,3,4-tetrahydroisoquinolines.
In this study, we wish to report the resolution of 1-aryl-1,2,3,4-
tetrahydroisoquinolines on a crown ether-based CSP for the first
time.

Crown ether-based CSPs have been reported to be useful
for the resolution of racemic compounds containing a primary
amino group [13,14]. Especially, CSP 4 (Fig. 1) based on (+)-
(18-crown-6)-2,3,11,12-tetracarboxylic acid has been successfully
utilized for the resolution of various racemic �-, �- and �-
amino acids [15–17], primary amines [18], amino alcohols [18],
fluoroquinolone antibacterials [19–21], and other racemic com-
pounds containing a primary amino group [22–24]. While crown

ether-based CSPs have been known to be useful only for the
resolution of racemic compounds containing a primary amino
group, CSP 4 was successful for the resolution of non-primary
amino compounds such as methoxyphenamine (bronchodilator)

dx.doi.org/10.1016/j.chroma.2011.04.088
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:mhhyun@pusan.ac.kr
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Fig. 1. The structures of compo

ontaining a secondary amino group and secondary amino alco-
ols related to �-blockers [25–27]. In addition, CSP 4 was
uccessful for the resolution of N-(3,5-dinitrobenzoyl)-�-amino
cids [28] and N-(3,5-dinitrobenzoyl)-�-amino acid amides [29].
ecently, CSP 4 was successfully applied to the resolution of
ecainide (antiarrhythmic agent, Fig. 1) and its analogues (5,
ig. 1) as the first example of the resolution of cyclic secondary
mino compounds on crown ether-based CSPs [30]. 1-Aryl-
,2,3,4-tetrahydroisoquinolines are also cyclic secondary amino
ompounds, but their structures are quite different from those
f flecainide and its analogues (5), in that the former are ben-
opiperidine derivatives while the latter are simple piperidine
erivatives. In this instance, the resolution of 1-aryl-1,2,3,4-
etrahydroisoquinolines on CSP 4 is expected to be quite an
nteresting example of the resolution of secondary amino com-
ounds on crown ether-based CSPs.

. Experimental
Chromatography was performed with an HPLC system con-
isting of a Waters model 510 HPLC pump (Milford, MA, USA),
Rheodyne model 7725i injector (Rohnert Park, CA, USA) with
20 �l sample loop, a Waters model 484 detector (Milford, MA,
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Fig. 2. The structures of analytes 6–12 te
1, 2, 3, 5, flecainide and CSP 4.

USA) and a YongLin Autochro Data Module (software: YongLin
Autochro 2000). The temperature of the chiral column was set at
20 ◦C using a Julabo F30 Ultratemp 2000 cooling circulator (Seel-
bach, Germany). A chiral column packed with CSP 4 [Chirosil
RCA(+), 250 mm × 4.6 mm I.D.] was obtained from RS tech (Dae-
jeon, Korea). Racemic 1-phenyl-1,2,3,4-tetrahydroisoquinoline
(1) was prepared starting from 2-phenylethylamine and ben-
zoylchloride according to the procedure reported previously [31].
2-Phenylethylamine was first treated with benzoylchloride in KOH
solution and then the resulting amide was cyclized with ZnCl2
and POCl3 in toluene to afford 1-phenyl-3,4-dihydroisoquinoline.
Finally 1-phenyl-3,4-dihydroisoquinoline was reduced with NaBH4
to give 1-phenyl-1,2,3,4-tetrahydroisoquinoline (1). Racemic
1-aryl-1,2,3,4-tetrahydroisoquinolines (6–11) and 1-ethyl-1,2,3,4-
tetrahydroisoquinoline (12), shown in Fig. 2, were prepared
starting from 2-(3′,4′-dimethoxypheny1)ethylamine and para-
or ortho-substituted benzaldehydes (or propanal) according to
the procedure described in the literature [32]. The mixture of
2-(3′,4′-dimethoxypheny1)ethylamine and appropriate aldehy-

des was refluxed in anhydrous toluene and then the resulting
azomethines were refluxed again with trifluoroacetic acid (TFA)
in toluene to give 1-aryl-1,2,3,4-tetrahydroisoquinolines (6–11)
and 1-ethyl-1,2,3,4-tetrahydroisoquinoline (12). The structures of
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sted for their resolutions on CSP 4.
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Table 1
Resolution of selected analytes (6 and 7) on CSP 4 with the use of 50% methanol,
ethanol or 2-propanol in acetonitrile containing TFA (0.1%) and TEA (0.5%) as a
mobile phase.a

Alcohol type in mobile phase 6 10

k1 ˛ RS k1 ˛ RS

Methanol 1.77 1.21 1.49 1.64 1.96 5.44
Ethanol 2.16 1.18 1.18 1.72 1.92 4.85
2-Propanol 4.11 1.23 1.14 3.33 2.18 4.10
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Table 2
Resolution of selected analytes (6 and 10) on CSP 4 with the variation of the content
of methanol (MeOH) in acetonitrile (ACN) and with the variation of the content of
TFA and TEA in the mixed solvent of methanol and acetonitrile as a mobile phase.a

Mobile phase
(MeOH/ACN/TFA/TEA)

6 10

k1 ˛ RS k1 ˛ RS

a 80/20/0.1/0.5 2.56 1.18 1.40 2.43 1.89 5.38
b 50/50/0.1/0/5 1.77 1.21 1.49 1.64 1.96 5.44
c 30/70/0.1/0.5 1.71 1.23 1.63 1.62 2.06 5.77
d 30/70/0.0/0.5 2.36 1.29 1.73 2.19 2.36 6.32
e 30/70/0.3/0.5 1.19 1.00 – 1.21 1.87 4.04
f 30/70/0.1/0.3 3.73 1.22 1.70 3.53 2.01 6.06
g 30/70/0.1/0.4 2.32 1.23 1.71 2.18 2.05 5.90
a Flow rate, 1.0 ml/min; detection, 254 nm UV; column temperature, 20 ◦C; k1,
etention factor of the first eluted enantiomer; ˛, separation factor; RS, resolution.

-aryl-1,2,3,4-tetradydroisoquinolines (1 and 6–11) and 1-ethyl-
,2,3,4-tetrahydroisoquinoline (12) thus prepared were identified
y 1H NMR spectra. Each of 1-aryl-1,2,3,4-tetradydroisoquinolines
1 and 6–11) and 1-ethyl-1,2,3,4-tetrahydroisoquinoline (12) was
issolved in methanol (usually 1.0 mg/ml) and then used for the
esolution experiments on CSP 4. The usual injection volume was
.0 �l.

. Results and discussion

The eight racemic 1-aryl- (or 1-ethyl)-1,2,3,4-
etrahydroisoquinolines (1, and 6–12) shown in Figs. 1 and 2
ere resolved on CSP 4. First of all, in order to find out the most
idely applicable mobile phase condition, we selected two ana-

ytes (6 and 10) and resolved them on CSP 4. Previously, secondary
mino compounds including �-blockers and flecainide analogues
ere resolved on CSP 4 using methanol, ethanol or 2-propanol in

cetonitrile containing a small amount of TFA and triethylamine
TEA) as a mobile phase [25–27,30]. In the resolution of the selected
nalytes (6 and 10) on CSP 4, methanol, ethanol or 2-propanol
n acetonitrile containing a small amount of TFA and TEA was
lso tested as a mobile phase and the chromatographic resolution
esults are summarized in Table 1. The representative chro-
atograms for the resolution of analyte 10 on CSP 4 for each type

f alcohol in acetonitrile in the mobile phase are presented in Fig. 3.
he separation factors (˛) were the greatest when the 2-propanol-
ontaining mobile phase was used. However, the resolutions (RS)
ere the greatest when the methanol-containing mobile phase
as used. The retention times of the first eluted enantiomers
enoted by the retention factors (k1) were found to increase when

ethanol in the mobile phase was changed to ethanol and then to

-propanol, as shown in Table 1 and Fig. 3. By changing methanol
n the mobile phase to ethanol and to 2-propanol, the mobile
hase polarity is expected to decrease and, consequently, the

3020100

50% 2-Propanol

mV

Time (min)

50% Ethanol

50% Methanol

ig. 3. Representative chromatograms for the resolution of analyte 10 on CSP 4 with
he use of 50% alcohol in acetonitrile containing 0.1% TFA and 0.5% TEA. Flow rate:
.0 ml/min. Detection: 254 nm UV. Column temperature: 20 ◦C.
a Flow rate, 1.0 ml/min; detection, 254 nm UV; column temperature, 20 ◦C; k1,
retention factor of the first eluted enantiomer; ˛, separation factor; RS, resolution.

interaction of the analytes with the mobile phase decreases. In this
instance, the enantiomers are retained longer. After considering
the three chromatographic parameters for the resolution of the
selected analytes on CSP 4, we selected methanol in acetonitrile
containing a small amount of TFA and TEA as the best mobile phase
condition.

Additionally we endeavoured to determine the optimum con-
tent of methanol in acetonitrile and the content of TFA and TEA in
the mobile phase. The selected analytes (6 and 10) were resolved on
CSP 4 with the variation of the content of methanol in acetonitrile
and with the variation of the content of TFA and TEA in the mobile
phase and the chromatographic resolution results are summarized
in Table 2.

As the content of methanol in acetonitrile is decreased from
80% to 50% and then to 30%, the retention factors decrease, but
the separation factors and resolutions increase continuously (see
entries a–c in Table 2). As the content of methanol in acetonitrile is
decreased, the mobile phase polarity increases. In this instance, the
interaction of the analytes with the mobile phase should increase
and, consequently, the retention times of analytes should decrease.
However, the reason for the trends of the separation factors and
resolutions is not clear yet. Overall, 30% methanol in acetonitrile
seems to be the promising condition.

The variation of the content of TFA and TEA in the mobile phase
consisting of the mixed solvent of methanol–acetonitrile (30/70,
v/v) was also found to affect the chiral recognition behaviours for
the resolution of the selected analytes (6 and 10) on CSP 4. As
the content of TFA was increased from 0.0% to 0.1% and then to
0.3% at a constant content of TEA (0.5%), all three chromatographic
parameters (k1, ˛ and RS) decreased (see entries c–e in Table 2). In
addition, as the content of TEA in the mobile phase was increased
from 0.3% to 0.4% and then to 0.5% at a constant content of TFA
(0.1%), the retention factors also decreased, whereas the separa-
tion factors and resolutions remained almost constant (see entries
c, f and g in Table 2). The trends of the retention factors with the
variation of the contents of TFA and TEA in the mobile phase might
be explained by the ion-exchange process. The ion-exchange pro-
cess has been utilized to rationalize the retention behaviours of
cationic analytes on a strong cation-exchange type CSP containing
a sulfonic acid group [33]. The pKa values of the four carboxylic
acid groups of (+)-(18-crown-6)-2,3,11,12-tetracarboxylic acid are
2.13, 2.84, 4.29 and 4.88 [34]. In this instance, the two carboxylic
acid groups of CSP 4 are expected to be dissociated under the mobile
phase condition. In the presence of TFA in the mobile phase, the ana-
lytes are also expected to be protonated. In this instance, the ionic
interaction between the cationic analyte and anionic carboxylate

of the CSP might be the primary cause for the retention of the ana-
lyte. The protonated TEA in the mobile phase can compete with the
cationic analyte for the interaction with the anionic carboxylate of
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Fig. 4. Chromatograms for the liquid chromatographic resolution of 1-aryl (or ethyl)-1,2,3,4-tetrahydroisoquinolines (1 and 6–12) on CSP 4. Mobile phase: 30% methanol in
acetonitrile containing TEA (0.5%). Flow rate: 1.0 ml/min. Detection: 254 nm UV. Column temperature: 20 ◦C.
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Table 3
Resolution of 1-aryl (or ethyl)-1,2,3,4-tetrahydroisoquinolines (1 and 6–12) on CSP
4 with the use of 30% methanol in acetonitrile containing TEA (0.5%) as a mobile
phase.a

Analytes k1 k2 ˛ RS

1 1.94 2.33 1.20 1.49
6 2.36 3.04 1.29 1.73
7 1.84 1.91 1.24 1.59
8 1.79 2.11 1.18 0.99
9 2.85 3.68 1.31 1.88

10 2.19 5.17 2.36 6.32
11 0.35 0.68 1.94 2.61
12 7.68 7.68 1.00 –
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Flow rate, 1.0 ml/min; detection, 254 nm UV; column temperature, 20 C; k1,
etention factor of the first eluted enantiomer; ˛, separation factor; RS, resolution.

he CSP and consequently, the retention factors should decrease
s the content of TEA in mobile phase is increased. By increasing
he content of TFA in the mobile phase, the content of protonated
EA increases and, consequently, the retention of analytes should
ecrease. Additionally, the interaction between the cationic analyte
nd mobile TFA anion can decrease the retention of the analyte.
owever, the reason for the trends of the separation factors and

esolutions is not clear. Based on the chromatographic results sum-
arized in Tables 1 and 2, the optimal mobile phase condition was

oncluded to be a mixture of methanol–acetonitrile–triethylamine
t a ratio of 30/70/0.5 (v/v/v). Under the optimum mobile phase
ondition, the eight 1,2,3,4-tetrahydroisoquinolines (1 and 6–12)
ere resolved on CSP 4, and the corresponding chromatograms and

hromatographic resolution results are given in Fig. 4 and Table 3,
espectively.

The three chromatographic parameters including the reten-
ion factors, separation factors and resolutions were found to be
ependent on the structures of the analytes. By comparing the
hromatographic resolution results for analytes 1, 6, 7, 8 and 9,
t can be inferred that the electron donating substituents on the
enzo ring and/or at the para-position of the 1-phenyl ring of
,2,3,4-tetrahydroisoquinolines improve the retention factors, sep-
ration factors and resolutions, while the electron withdrawing
ubstituents reduce them. However, both the electron donating
methoxy group) and electron withdrawing substituents (chloro
roup) at the ortho-position of the 1-phenyl ring of 1,2,3,4-
etrahydroisoquinoline (analyte 10 or analyte 11) were found to
educe the retention factor, but improve the separation factor and
esolution significantly compared to those for the resolution of
nalyte 6. Between the two substituents at the ortho-position of
he 1-phenyl ring of 1,2,3,4-tetrahydroisoquinolines, the chloro
ubstituent was found to reduce the retention factor more
han the methoxy substituent, whereas the methoxy substituent
mproves the separation factor and resolution more than the chloro
ubstituent.

Although the exact chiral recognition mechanism is not clear
et, the ionic interaction between the cationic analyte and anionic
arboxylate of the CSP is thought to play an important role for
he enantioselective formation of transient diastereromeric com-
lexes. The interaction between the analytes and the CSP might be
indered enantioselectively by the 1-aryl group at the chiral center
f the analytes. The steric bulkiness of the 1-aryl group of the ana-
ytes is expected to become more significant when the 1-aryl group
ontains an ortho-substituent. Consequently, the retention factor
f analyte 10 is less than that of analyte 6, though the former con-
ains an electron donating methoxy group at the ortho-position of

he 1-phenyl group. The retention factor of analyte 11 is much less
han that of analyte 7 or 8 because of the ortho-substitution of the
-phenyl group with an electron withdrawing group. In contrast,
he separation factors and resolutions for the resolution of analytes

[
[
[
[
[
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10 and 11 are much greater than those for the resolution of analyte
6, 7, 8 or 9. The two enantiomers of analytes 10 and 11 are expected
to be recognized more significantly by CSP 4 than those of the other
analytes, because of the sterically large ortho-substituted 1-phenyl
ring at the chiral center of analytes 10 and 11.

Analyte 12 shows quite a large retention factor and no resolution
on CSP 4. The relatively small 1-ethyl group at the chiral center of
the analyte is not expected to hinder the interaction of the analyte
with the CSP. In this instance, the analyte interacts strongly with
the CSP and is retained on it for a longer period of time. However,
the two enantiomers are not recognized because of the relatively
small size of the ethyl group at the chiral center of the analyte.

In summary, CSP 4 was successfully applied to the reso-
lution of 1-aryl-1,2,3,4-tetrahydroisoquinolines, which have
not been previously resolved on crown ether-based CSPs.
The optimum mobile phase condition was a mixture of
methanol–acetonitrile–triethylamine at a ratio of 30/70/0.5
(v/v/v). 1-Aryl-1,2,3,4-tetrahydroisoquinolines containing an
ortho-substituted 1-phenyl group at the chiral center were
resolved much better than those containing non-substituted or
para-substituted 1-phenyl ring. From these results, it can be
concluded that the steric bulkiness of the 1-phenyl ring at the
chiral center of the analytes plays an important role in the chiral
recognition. However, the exact chiral recognition mechanism is
not clear yet.
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