
Diastereomers derived from (R,S )-tetrahydroisoquinoline-3-
carboxylic acid (Tic), a potential neurotoxin with a chiral
fluorescence tagging reagent, (R)-4-nitro-7-(3-aminopyrrolidin-1-yl)-
2,1,3-benzoxadiazole (NBD-APy), are well resolved by capillary
electrophoresis (CE). For a better understanding of the separation
mechanism, a semiempirical computational method (i.e., AM1
method) is used to study the molecular geometry, relative energy,
and size of the derivatives. The molecular sizes are estimated to be
216.3 and 240.6 cm3/mol for (R)-NBD-APy-(R)-Tic and (R)-NBD-
APy-(S)-Tic, respectively. The CE elution order of the diastereomeric
derivatives confirms the AM1 computational results: (R)-NBD-APy-
(R)-Tic elutes before (R)-NBD-APy-(S)-Tic. The effects of running
buffer pH and the addition of a chiral selector, ββ-cyclodextrin 
(ββ-CD), on the separation are studied. In the presence of ββ-CD, the
migration behavior of the diastereomers is changed because of the
formation of CD inclusion complexes. Study of the space-filling
models for optimized conformations of the diastereomeric
derivatives and ββ-CD suggests that the geometries of the
diastereomers decides that the diastereomers are incorporated into
the CD cavity to form CD inclusion complexes with different
volumes. Experimental results from CE separations conclude the
same. 

Introduction

Study of the neurotoxicity of tetrahydroisoquinoline (TIQ)
derivatives has been extensive, particularly since the discovery of
1[N]-methyl-4-phenyl-1,2,3,6-tetrahydropyridine’s damaging
effects on nervous systems (1–4). Dopamine-derived TIQs
including salsolinol (Sal) have been found cytotoxic to rat PC 12
cells (5) and human dopaminergic SH-SY5Y cells (6). There is

growing evidence indicating that in vivo formation of certain
TIQs may be related to alcohol addiction (7,8). Many chiral TIQ
molecules have been shown to exhibit enantioselective neurotox-
icity (9,10). N-Methyl-(R)-Sal was found to be much more potent
than its optical antipode in inducing apoptosis in dopaminergic
neuroblastoma SH-SY5Y cells (11). After being administered into
the striatum, the (R)-enantiomer of N-methyl-Sal induced
Parkinsonism in rats, but the (S)-enantiomer did not (12). It was
shown that endogenous TIQ formation and TIQ N-methylation
involved a stereoselective enzymatic process (13). Actually, an
enzyme that enantioselectively synthesized (R)-Sal has been iso-
lated from rat brain (14).

In our recent efforts to separate TIQ enantiomers using
cyclodextrin-modified capillary electrophoresis (CE), no enan-
tiomeric resolution was achieved for a group of highly
hydrophilic TIQ derivatives, including (R,S)-tetrahydroisoquino-
line-3-carboxylic acid (Tic). This problem was solved by
employing precolumn derivatization with a chiral fluorescence
tagging reagent, (R)-4-Nitro-7-(3-aminopyrrolidin-1-yl)-2,1,3-
benzoxadiazole (NBD-APy). The diastereomers derived from Tic
were well resolved by CE. For a better understanding of the sepa-
ration mechanism, a semiempirical computation method (i.e.,
AM1 method) was used to optimize the molecular geometries of
the diastereomeric derivatives, and the molecular sizes were then
estimated. The computational studies predicted significant differ-
ences in molecular sizes for these diastereomers. The results were
confirmed by CE separations. 

CE separations of diastereomers have been reported (15–21).
Schuetzner et al. described CE separations of diastereomers
derived from amino acids with (+)-O,O'-dibenzoyl-L-tartaric
anhydride and studied the effects of pH, solvent composition, and
the addition of polymer additives on such separations (20,21). In
the present work, the emphasis was placed on the effect of molec-
ular geometry, and related molecular size, on CE diastereomer
separation.
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Experimental

Chemicals
Tic, β-cyclodextrin (β-CD), triphenylphosphine (TPP), and 2,2'-

dipyridyl disulphide (DPDS) were purchased from Sigma-Aldrich
(St. Louis, MO). (R)-4-Nitro-7-(3-aminopyrrolidin-1-yl)-2,1,3-
benzoxadiazole ((R)-NBD-APy) was synthesized according to the
procedure described by Toyo’oka et al. (22). All other chemicals
were of analytical grade. Milli-Q (Millipore, Milford, MA) water
was used throughout.

Apparatus
CE was carried out using a laboratory-built system. The high

voltage supply (0–30 kV, Glassman High Voltage, Whitehouse
Station, NJ) was used for the driving force. A fused-silica capillary
with an effective length of 50 cm and a 50-µm i.d. (Supelco,
Bellefonte, PA) was used for all separations. Samples were manu-
ally injected into the capillary by hydrodynamic flow for 15 s, with
a height difference of 20 cm for the two ends of the capillary. The
voltage imposed across the capillary was 20 kV. A lab-built lazer-
induced fluorescence detector described previously (23) was used
for the detection. The 457.9 nm line from an argon lazer (Innova
90C FreD, Coherent, Santa Clara, CA) was employed for excita-
tion. Fluorescence emission was collected through a 495-nm cut-
off optical filter (GG495, Melles Griot, Irvine, CA).

Mass spectrometry (MS) measurements were performed with a
Thermo Finnigan LCQ DUO MS (Thermo Finnigan, San Jose,
CA). The MS was equipped with an electrospray ionization source
operated in the positive ion mode. Samples were infused into the
MS using the attached syringe pump at a flow rate of 5 µL/min.
The operation conditions were as following: sheath gas flow, 20
arbitrary units; auxiliary gas flow, 0 arbitrary units; spray voltage,
4.5 kV; and heated capillary temperature, 200°C. Relative collision
energy of 25% was used for MS2 (MS–MS) experiments with an
isolation width of 3.0 µm. Other parameters were optimized by
the automatic tune program. An Xcalibur software package
(Thermo Finnigan) was used to process data.

Preparation of diastereomers
A CH3CN solution containing Tic (0.5mM), (R)-NBD-APy

(2.0mM), DPDS (2.0mM), and TPP (2.0mM) was prepared and the
mixture was vortexed. The derivatization reaction was allowed to
proceed for 2 h at room temperature, and the derivative solution
was then diluted with acetonitrile to an appropriate concentra-
tion for CE separations or MS analyses. 

Results and Discussion

Separation of (R)-NBD-APy derivatized (R,S )-Tic
Derivatization of Tic with NBD-APy is illustrated in Figure 1.

MS measurements confirmed that NBD-APy-Tic was the major
product from the reaction. The (M+1)+ ion (m/z 409) was
observed as shown in Figure 2A. The MS–MS of this ion shown in
Figure 2B further confirmed the chemical structure. The
(M+1–NO2)+ ion (m/z 363) from the fragmentation of NBD-APy-
Tic was the major product ion. Nearly identical MS and MS–MS

spectra were obtained for the diastereomers. NBD-APy-Tic was
highly fluorescent (λex = 470 nm and λem = 540 nm). The 457.9-
nm line from an argon lazer is very close to 470 nm; therefore, it
is well suited for the excitation. 

As illustrated in Figure 3, (R)-NBD-APy derivatized (R,S)-Tic
were well resolved by CE using a 50mM phosphate buffer at pH
3.0, with (R)-NBD-APy-(R)-Tic migrating faster than (R)-NBD-
APy-(S)-Tic. Movement of a molecule in CE is governed by elec-

Figure 2. MS analysis of (R)-NBD-APy derivatized Tic solution: (A) MS spec-
trum of (R)-NBD-APy-Tic; (B) MS–MS of m/z 409 (M+1)+ ion from A. The for-
mula weight of NBD-APy-Tic is 408.

Figure 1. Formation of diastereomers. Tic reacts with NBD-APy in the pres-
ence of TPP and DPDS, DPDS as catalysts.
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troosmotic (EO) mobility (µeo) and electrophoretic mobility (µem)
(24): 

µ = µeo + µem = εζ/η + q/6πηr Eq. 1

where µ represents the mobility of a molecule, ε stands for the
dielectric constant, ζ indicates the zeta potential of the
liquid–solid interface, η is the viscosity of the buffer solution, and
q and r stand for the net charge and ionic radius, respectively.

Because the diastereomers were in the same CE system, they
had the same µeo value. Therefore, the charge to size ratio in the
term of µem determines the mobility according to equation 1.
Although at pH 3.0 the diastereomers may be protonated to a sim-
ilar level, their molecular sizes can be different because their
steric structures are different. In this work, a computational
method was used to explore the size differences for diastereomers.
The geometries of the diastereomeric derivatives were optimized

by means of the Berny method (25) at the semiempirical AM1
level (26–28). Various conformations of each compound have
been investigated as rotations of the C2–N3, N3–C4, and C4–C6
bonds can lead to different conformations (see Figure 1 for posi-
tion assignments). However, these conformations exist at dif-
ferent energy levels. It was found that the orientations of the
NBD-APy and the TIQ moieties had the most important impact
on the stabilities of NBD-APy-Tic diastereomeric molecules. For
instance, the NBD-APy and TIQ moieties can have either cis- or
trans-configurations, and thus the dihedral angle of the two moi-
eties can be around 0° or 180°. Take an (R)-NBD-APy-(R)-Tic
molecule as an example. In the optimized geometry (shown in
Figure 4), the dihedral angles of C1–C2–N3–C4, C2–N3–C4–O5 and
C2–N3–C4–C6, N3–C4–C6–N7 are 128.9°, –3.8°, 178.1°, and 61.8°,
respectively, versus –72.3°, 0.9°, 178.7°, and –170.7°, respectively,
in an alternative geometry. However, the alternative conforma-
tion was found to be less stable than the optimized one by approx-
imately 3.27 kcal/mol. From the conformations studied, only
those with the lowest relative energy are selected for further
studies. The corresponding parameters for the diastereomeric
derivatives are listed in Table I. The volumes and radii of the four
geometries were computed using the keyword volume, which was
implemented in the Gaussian 94 program (29). As can be seen,
the molecular sizes of the diastereomers are significantly dif-
ferent, which means these diastereomers can be separated effec-
tively by CE, according to equation 1. Actually, the computational
results properly explain the migration behavior of the diastere-
omers in CE (as shown in Figure 3): (R)-NBD-APy-(R)-Tic elutes
before (R)-NBD-APy-(S)-Tic because (R)-NBD-APy-(R)-Tic is
smaller. Although the molecular sizes shown in Table I are for
molecules in a gaseous phase, they can be used for a comparison
because the diastereomers are hydrated similarly in the same
solution. 

Influence of pH
Influence of running buffer pH on the resolution of (R)-NBD-

APy derivatized Tic enantiomers was investigated over a pH range
from 1.5 to 8.0. The results are shown in Figure 5. As can be seen
in acidic running buffers (pH ≤ 5), the diastereomers were well
resolved. However, when the pH increased to 6 or higher, no res-
olution was obtained. Various buffer systems including phos-
phate, formate, acetate, and borate were tested with similar
results. In acidic solutions, the derivatives are protonated and,
therefore, positively charged. However, at increased pH values,
the diastereomers become electrically neutral, and as a result the
value of µem in equation 1 becomes zero. Thus, µ = µeo. Under

Table I. Computational Results for NBD-APy-Tic
Diastereomeric Derivatives*

Volume Relative energy 
Molecule (cm3/mol) Radius (Å) (kcal/mol)

(R)-NBD-APy-(R)-Tic 216.3 5.35 0.51

(R)-NBD-APy-(S)-Tic 240.6 5.53 0.00

* The geometries were optimized with the AM1 method (see text for details).

Figure 4. Space-filling models for the optimized conformations of (R )-NBD-
APy-(R,S )-Tic diastereomeric derivatives and β-CD. RR, (R )-NBD-APy-(R )-
Tic; RS, (R )-NBD-APy-(S )-Tic.

Figure 3. Electropherogram for separation of NBD-APy-(R,S )-Tic diastere-
omers. RR, (R )-NBD-APy-(R )-Tic (25µM); RS, (R)-NBD-APy-(S )-Tic (50µM).
Peaks were identified by spiking. Voltage applied was 20 kV. Running buffer
contained 50mM phosphate at pH 3.0. Capillary effective length and i.d.
were 50 cm and 50 µm, respectively.
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such conditions, the diastereomers coeluted out along with the
EO flow, consequently, no separation could be achieved. Although
the effects of ionic strength variation were not taken into consid-
eration in these studies, the observations led to the conclusion
that it was necessary to make the diastereomers positively
charged in an acidic running buffer in order to resolve them.

Effects of ββ-CD
The effects of β-CD, a commonly used chiral selector, on the

resolution of the diastereomers were investigated. In the presence
of β-CD, the migration times of the diastereomers increased sig-
nificantly. This can be partly attributed to an increase of viscosity
caused by β-CD and partly to the formation of β-CD inclusion
complexes resulting in an increased molecular size. It should be
noted that the elution order of (R)-NBD-APy-derived Tic diastere-
omers shown in Figure 6 was reversed compared with that
obtained in Figure 3, in which no β-CD was added. The optimized
space-filling models for the diastereomeric derivatives as well as
β-CD are shown in Figure 4. β-CD molecules are cyclic polysac-

charides consisting of seven α-D-glucose units. A β-CD molecule
looks like a truncated hollow cone with a hydrophobic cavity with
a diameter of 6.0–6.5 Å (30). Based on the suitable size and steric
hindrance, a host β-CD molecule can accommodate a guest NBD-
APy-Tic molecule in two ways (31): (i) either holding the ben-
zoxadiazole portion equatorially (the axis of the benzoxadiazole is
vertical to the long axis of the β-CD cavity) or (ii) holding the TIQ
portion axially (the axis of the TIQ is parallel to the long axis of the
β-CD cavity). As can be seen from the optimized molecular
geometries shown in Figure 4, when a complex is formed between
(R)-NBD-APy-(S)-Tic (Figure 4B) and β-CD through either of the
two possible portions of the molecule, the other portion of the
molecule would cover the inlet of the β-CD like a lid, resulting in
a denser inclusion complex with a relatively small bulk. However,
this does not apply to the other diastereomeric derivative. When
it forms an inclusion complex with β-CD, the remaining portion
of the molecule protrudes outside, resulting in larger bulk
volume. As a consequence, the smaller (R)-NBD-APy-(S)-Tic–β-
CD complex eluted first. 

Conclusion

Chiral separation of (R,S)-Tic, a potential neurotoxin, has been
achieved. The method is based on the CE separation of the
diastereomers derived with a chiral fluorescence tagging reagent,
(R)-NBD-APy. Theoretical calculations using a semiempirical
method (i.e., AM1 method) have shown that the differences in
molecular sizes of the diastereomers play a pivotal role in the sep-
aration. Introduction of β-CD into the CE running buffer (50mM
phosphate buffer at pH 3.0) reversed the migration order of the
diastereomers. Because their relative sizes were changed, their
steric geometries caused differences in the sizes of the inclusion
complexes between NBD-APy derivatives and β-CD molecules. 
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