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Abstract
Capillary electrophoresis with β-CD as a chiral selector has successfully separated the two
enantiomers of salsolinol, N-methyl-salsolinol, and 1-benzyl-tetrahydroisoquinoline. The
migration times of each enantiomer in capillary electrophoresis reflect the stability of their β-CD
inclusion complexes. This paper reports a computational modeling study of the inclusion
complexes of β-cyclodextrin (β-CD) with salsolinol, N-methyl-salsolinol, and 1-benzyl-
tetrahydroisoquinoline by using PM3 (Parametric Method 3) semi-empirical molecular orbital
calculations and the ONIOM hybrid method. Two types of the inclusion complexes, cis- and trans-
orientations, are considered for each enantiomer of the guest molecules, salsolinol, N-methyl-
salsolinol, and 1-benzyl-tetrahydroisoquinoline. In the cis-orientation, the nitrogen in the
salsolinol, N-methyl-salsolinol, and 1-benzyl-tetrahydroisoquinoline points toward the secondary
hydroxyls of the β-CD, while in the trans-orientation, the nitrogen in salsolinol, N-methyl-
salsolinol, and 1-benzyl-tetrahydroisoquinoline points toward the primary hydroxyls of the β-CD.
We found that the stabilization energies of these inclusion complexes from these PM3 and
ONIOM different methods correlate very well with the migration order deduced from the study of
capillary electrophoretic separation.

Introduction
Native cyclodextrins (CD) are oligosaccharides composed of six or more D-glucopyranose
residues attached by α-1,4-linkages in a cyclic array. The hydrophobic character of the
central cavity of CDs enables them to form inclusion complexes with a wide variety of
compounds, ranging from very polar inorganic ions to non-polar organic molecules. There
are no covalent bonds formed or broken during the complex formation process. The driving
forces for the complex formations have been attributed to the release of entropy-rich water
molecules from the cavity, van der Waals interaction, hydrogen bonding, hydrophobic
interactions, release of ring strain in the cyclodextrin molecule, and changes in solvent-
surface tension [1-10].

Cyclodextrins are often used in separation methods as receptors that discriminate between
enantiomers of various chiral and achiral guest compounds. Cramer and Dietsche [11]
reported the pioneering study of chiral recognition by CD, partial optical resolution of
mandelic acid derives by β-CD. Since then, a large number of successful applications of
CDs to chiral recognition have been carried out [12-21]. The mechanisms underlying the
separation in the presence of CD as a selector have not been fully clarified.
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Salsolinol (6,7-dihydroxy-1-methyl-1, 2, 3, 4-tetrahydroisoquinoline; Sal), N-methyl-
salsolinol (6,7-dihydroxy-1,2-dimethyl-1, 2, 3, 4-tetrahydroisoquinoline; NMSal), and 1-
benzyl-tetrahydroisoquinoline (BTIQ) are dopamine (DA)-derived tetrahydroisoquinolines
(TIQ). They are thought to be potent dopaminergic neurotoxins, similar to 1-methyl-4-
phenyl-1, 2, 3, 6-tetrahydropyridine (MPTP), an exogenous neurotoxin that causes
Parkinsonism in humans, monkeys, and various animals [22]. Different neurotoxicological
properties were observed for (R)- and (S)-enantiomers of Sal, NMSal, and BTIQ. The
chirality of neurotoxic TIQs has been receiving increasing research attention. Many chiral
TIQ molecules have been shown to exhibit enantioselective neurotoxicity [23,24]. (R)-Sal
was found to be a stronger inhibitor for MAO type-A than (S)-Sal [25]. (S)-Sal was shown to
suppress significantly the proopiomelanocotin (POMC) gene expression, but the (R)-
enantioner did not exhibit the same effect [26]. N-methyl-(R)-salsolinol (NM(R)Sal) has
been proposed to be closely involved in the pathogenesis of Parkinson’s disease. NM(R)Sal
is synthesized from dopamine by two enzymes: (R) Salsolinol synthase and a neutral (R)
Salsolinol N-methyltransferase. The mechanism of cell death was examined by detection of
DNA damage using a single-cell gel electrophoresis (comet) assay in human dopaminergic
neuroblastoma SH-SY5Y cells. The (R)-enantiomer of NMSal damaged DNA much more
profoundly than the (S)-enantiomer [27]. It was shown that endogenous TIQ formation and
TIQ N-methylation involved stereoselective enzymatic processes [28]. Actually, an enzyme,
which enantioselectively synthesized (R)-Sal, has been isolated from the rat brain [29].
BTIQ exhibited varying degrees of interaction with β 1-adrenergic receptors.

Studies on the stereoselective neurotoxicity of TIQs have promoted the development of
analytical methods for the determination of TIQ enantiomers. Several HPLC procedures
[30-33] and a capillary electrochromatographic (CEC) method [34] were reported for the
separation of Sal and N-methyl-Sal enantiomers. Gas chromatography-mass spectrometry
(GC-MS) has been long used for the quantification of catecholic amines [35-36]. To achieve
the separation of TIQ enantiomers, Haber et al. developed a chiral GC-MS method based on
a two -step derivatization with N-methyl-N-trimethylsilyltrifluoracetamide and R-(-)-2-
phenylbutyrylic acid [37]. This method was later used by Musshoff et al. for the
determination of dopamine, (R)-/(S)-Sal, and (R)-/(S)-norsalsolinol in human brain tissue
samples [38]. We previously reported a chiral GC-MS method employing a β-cyclodextrin
(β-CD) coated capillary column for resolving Sal, NMSal, and BTIQ enantiomers [39-40].
Although a better resolution for Sal enantiomers was obtained by using the GC-MS method,
the water-sensitive derivatization procedure involved was not convenient for the assay.
Extreme care must be taken to obtain reproducible results.

In recent years, various theoretical studies have been made on CD inclusion complexes with
the aim of correlating the experimental results with the mode of the interaction between a
CD host and a guest molecule [41-44]. Although molecular mechanics (MM) and molecular
dynamics (MD) with various force field approaches are increasingly being used in modern
theoretical calculations, semi-empirical methods such as AM1 (Austin Model 1) [45] and
PM3 (Parametric Method 3) [46] are more commonly used for structure optimization of very
large systems or for reactions involving large molecular systems [44,47-53]. It has been
generally accepted that PM3 has high computational efficiency and permits the modeling of
large systems beyond the capacity of ab initio methods [54]. The precision of PM3 is
comparable to that of ab initio methods with medium-sized basis sets [55]. As pointed out
by Casadesús et al. [56], ab initio methods are prohibitively expensive in treating large
systems such as CD inclusion complexes. In addition, PM3 performs better than AM1 in
biochemical systems due to its improved description of the interactions between nonbonded
atoms such as hydrogen bonding and steric effects [57].
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The objective of this work is to use the PM3 semi-empirical molecular orbital method and
the ONIOM hybrid method [58] on the inclusion complexes of different enantiomers of Sal,
NMMSal, and BTIQ with β-CD. These methods have not previously been applied to the
aforementioned complexes. In the experimental part, capillary electrophoresis techniques
have been used to measure migration times of the different enantiomers [40].

Three aspects of inclusion complexes were investigated in these studies: (a) PM3 and ab
initio density-functional theory (B3LYP/6-31G*) were used to obtain optimized geometries
of the guest compounds, Sal, NMSal, and BTIQ; (b) relative stabilization energies of β-CD
and isomeric guest inclusion complexes from PM3 and ONIOM (B3LYP/6-31G*:PM3)
calculations were obtained; and (c) the relation of the relative stabilization energies of the
complexes to the experimentally determined migration order in capillary electrophoretic
separation was investigated.

Computational Method
PM3 and ONIOM (B3LYP/6-31G*:PM3) hybrid calculations were performed on Sal,
NMSal, BTIQ, β-CD, and β-CD isomeric guest inclusion complexes by using the Gaussian
98 and Gaussian 03 programs [59]. Within the ONIOM procedure, two levels of calculations
are defined: density-functional theory with the B3LYP functional and the 6-31G* basis set
were performed on the guest compounds, Sal, NMSal, and BTIQ enantiomers, and the
semiempirical PM3 method was used for the β-CD. In B3LYP, the Becke exchange
functional [60] is coupled with the Lee-Yang-Parr correlation functional [61]. Figure 1
shows the structures of β-CD, Sal, NMSal, and BTIQ. All the compounds were built with
the Spartan software program [62]. The size and conformational flexibility of the inclusion
complexes make it impossible to study all the possible conformers. In order to search for the
lowest energy structures of the inclusion complexes, we have tried several starting points for
the PM3 and ONIOM hybrid optimizations, including some determined by molecular
mechanics.

Results and Discussion
As mentioned in our previous paper [40], various CE conditions were used to achieve the
optimum enantiomeric separation efficiency. A 75 μm i.d. capillary was selected for better
detection sensitivity and reproducibility. The maximal voltage output available with the
power supply (30 kV) was used for a shortened running time, and β-CD was selected for the
experiments. As can be seen from Figures 2 and 3, TIQ, DA, (R/S)-Sal, (R)-NMSal and (R/
S)-BTIQ were well separated using a running buffer consisting of 1.5 M urea, 12 mM β-CD,
and 50 mM phosphate. In that study, three pairs of TIQ enantiomers, i.e. (R/S)-BTIQ, (R/S)-
Sal, and (R/S)-NMSal were tested. All enantiomers were baseline resolved under the CE
conditions described above. All (R)-enantiomers had a longer migration time than their
optical antipodes.

As also mentioned in our previous paper [40], to gain insight into the separation mechanism,
consider the geometry of a Sal molecule. The benzene ring and the atoms directly attached
to the ring are rigid and in a single plane. In the presence of β-CD, Sal enantiomers form
inclusion complexes with β-CD. In these complexes, the aromatic moiety in a Sal molecule
is accommodated in the hydrophobic cavity of a β-CD molecule. Due to the chirality effects
of β-CD molecules, the stability of the inclusion complexes can be different for the two Sal
enantiomers. From the CE separation results, it has been shown that the inclusion complex
formed by (R)-Sal and β-CD is more stable than that formed from (S)-Sal and β-CD, which
causes (R)-Sal to take more time to migrate out than (S)-Sal. Further, the stability difference
for NMSal enantiomers is greater than that for Sal enantiomers, which is in accordance with
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the fact that racemic NMSal was better resolved (i.e. a larger RS value was obtained for
NMSal enantiomers) than racemic Sal.

Each of the guest structures of Sal, NMSal, and BTIQ has one chiral center, so there are two
enantiomers for each of the guests. The energies for the PM3 and B3LYP/6-31G* optimized
structures of the guest compounds (Sal, NMSal, and BTIQ) and β-CD with the PM3 method
are shown in Table 1.

The inclusion complexes have two types of orientations, namely cis- and trans-orientations
that are possibly formed with each isomer of Sal, NMSal, and BTIQ. Figure 4 shows the two
orientations for Sal and BTIQ guests inside the β-CD. In the cis-orientation the nitrogen in
the Sal, NMSal, and BTIQ points toward the secondary hydroxyls of the β-CD, and in the
trans-orientation, the nitrogen in Sal, NMSal, and BTIQ points toward the primary
hydroxyls of the β-CD.

The PM3 and ONIOM (B3LYP/6-31G*:PM3) energies, stabilization energies, and ΔHtotal
for the inclusion complexes of β-CD with Sal, NMSal, and BTIQ are shown in Table 2. The
stabilization energies (enthalpies) of complexation were calculated as follows:

and the total stabilization energy is one-half of the sum of the stabilization energies of the
cis and trans orientations, i.e.,

From Table 2, the total stabilization energies from PM3 calculations for the Sal-(R), Sal-(S),
NMSal-(R), NMSal-(S), BTIQ-(R), and BTIQ-(S) are -19.94 kcal/mol, - 17.01 kcal/mol,
-20.79 kcal/mol, -17.41 kcal/mol, -20.07 kcal/mol, and -17.81 kcal/mol, respectively. The
more stable the inclusion complex is, the longer time for the inclusion complex to come out
during the separation. The total stabilization energies show that the inclusion complexes
formed by (R)-isomers are more stable than those formed by (S)-isomers, which coincides
with the CE results. As mentioned, from the CE separation results [40], it has been shown
that the inclusion complex formed by (R)-Sal and β-CD is more stable than that formed from
(S)-Sal and β-CD, which causes (R)-Sal to take more time to migrate out than (S)-Sal.
Further, the stability difference for NMSal enantiomers was greater than that for Sal
enantiomers, which is in accordance with the fact that racemic NMSal was better resolved
(i.e. a larger RS value was obtained for NMSal enantiomers) than for racemic Sal [40]. The
resolution is defined by RS= 2(R2-R1)/(W1+W2), where (R2-R1) represents the difference of
migration times for two analytes, and W1 and W2 are the widths for the corresponding peaks.
The resolution values from Figures 2 and 3 are 2.01, 3.04, and 1.18 for Sal, NMSal, and
BTIQ enantiomers, respectively. The greater the resolution value is, the better the separation
is, i.e. the greater the differences in stability are. The total stabilization energy differences
between the inclusion complexes of the (R)- and (S)- isomers are 3.28 kcal/mol, 3.38 kcal/
mole and 2.26 kcal/mol for Sal, NMSal, and BTIQ respectively. Our theoretical calculations
show that the stabilization energy differences between the inclusion complexes of the (R)-
and (S)- isomers for NMSal are much larger than those for Sal, which agrees with the
experimental data very well.

From Table 2, the ONIOM (B3LYP/6-31G*:PM3) results follow the same trend as the PM3
data. The total stabilization energies from ONIOM (B3LYP/6-31G*:PM3) calculations for
the Sal-(R), Sal-(S), NMSal-(R), NMSal-(S), BTIQ-(R), and BTIQ-(S) are -19.01 kcal/mol,
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-18.01 kcal/mol, -20.04 kcal/mol, -15.64 kcal/mol, -22.38 kcal/mol, and -21.67 kcal/mol,
respectively. The total stabilization energies for the inclusion complexes formed by (R)-
isomers are more stable than those formed by (S)-isomers. The total stabilization energy
differences from ONIOM (B3LYP/6-31G*:PM3) for the inclusion complexes of the (R)-
and (S)- isomers are 1.00 kcal/mol, 4.40 kcal/mol and 0.71 kcal/mol for Sal, NMSal, and
BTIQ, respectively. ONIOM calculations also indicate that the total stabilization energy
differences for NMSal enantiomers are greater than those for Sal enantiomers. These results
are in accordance with the experimental fact that racemic NMSal was better resolved than
racemic Sal.

From Table 2, we also noticed that the trans orientations for the inclusion complexes have
higher stabilization energies than the cis orientations. Acomparison of the number of
hydrogen bonds in the inclusion complexes with the number in β-CD molecule is shown in
Table 3. The hydrogen bond here is defined as an O-H · · · O interaction in which the H · · ·
O distance is less than or equal to 3.00 Å and the angle at H is greater than 145°. By this
definition, there are three intramolecular hydrogen bonds in β-CD itself. For the Sal-(R) and
β-CD inclusion complexes in the cis orientation, one of the β-CD intramolecular hydrogen
bonds is broken, and another intramolecular hydrogen bond is formed in β-CD. For the same
inclusion complex in the trans orientation, one of the β-CD intramolecular hydrogen bonds
is broken, and another four intramolecular hydrogen bonds are formed in β-CD. In general,
the total number of hydrogen bonds in the inclusion complexes correlates with the
stabilization energies except for the NMSal-(R) and β-CD inclusion complexes with PM3
and Sal-(S) and NMSal-(R) and β-CD inclusion complexes with ONIOM; those have the
same number of hydrogen bonds. From PM3 calculations on NMSal-(R) and β-CD inclusion
complexes with cis orientation is no intramolecular hydrogen bonds are broken and two new
intramolecular hydrogen bonds are formed in β-CD. For the same inclusion complexes with
trans orientation, PM3 calculations indicate that one intramolecular hydrogen bond is broken
and three new intramolecular hydrogen bonds are formed in β-CD. ONIOM calculations on
Sal-(S) and β-CD inclusion complexes with cis orientation suggest one intramolecular
hydrogen bond is broken, while two new intramolecular hydrogen bonds are formed in β-
CD. Thus, one more intermolecular hydrogen bond is formed between the Sal-(S) and β-CD.
For the same inclusion complexes with trans orientation, ONIOM calculations indicate that
two intramolecular hydrogen bonds broken, but three new intramolecular hydrogen bonds
are formed in β-CD, i.e. one more intermolecular hydrogen bond is formed between the Sal-
(S) and β-CD. For NMSal-(R) and β-CD inclusion complexes with cis orientation, ONIOM
calculations indicate no intramolecular hydrogen bonds are broken while two new
intramolecular hydrogen bonds are formed in β-CD. For the same inclusion complexes with
trans orientation, ONIOM calculations imply one intramolecular hydrogen bond is broken
and three new intramolecular hydrogen bonds are formed in β-CD. For the above three
exceptional cases, calculations show that the broken intramolecular hydrogen bonds have
been replaced by forming new intramolecular hydrogen bonds. As mentioned in one of our
previous papers [52], the hydrogen-bonding attribution alone cannot explain the stabilization
energies of the inclusion complexes.

In conclusion, a theoretical study of inclusion complexes of β-CD with Sal, NMSal, and
BTIQ enantiomers has been performed with PM3 semi-empirical molecular orbital
calculations and ONIOM hybrid calculations. These two different sets of calculations show
that the total stabilization energies for the inclusion complexes formed by (R)-isomers are
more stable than those formed by (S)-isomers and the total stabilization energy differences
for NMSal enantiomers are greater than those for Sal enantiomers, which correlates very
well with the migration order observed in the capillary electrophoretic separation study.
From the stabilization energies and hydrogen bonding studies of the inclusion complexes,
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we found that the principal driving forces for the formation of the inclusion complexes are
from the van der Waals interactions.
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Figure 1.
Structures of β-CD and certain compounds involved in this work.
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Figure 2.
Electropherogram from separating mixtures of TIQ derivatives. Peak identification. 1. TIQ;
2. dopamine; 3. (S)-Sal; 4. (R)-Sal; 5. (R)-N-methyl-Sal; 6. (S)-1-benzyl-TIQ; 7. (R)-1-
benzyl-TIQ. “x” stands for unknown identity. The concentrations of chemicals were: 0.0125
mg/ml TIQ, 0.018 mg/ml dopamine, (R)-Sal and (S)-Sal, 0.08 mg/ml (R)-NMSal and 0.009
mg/ml (R)- and (S)- 1-benzyl-TIQ. The running buffer contained 12 mM -CD, 1.5 M Urea
and 50 mM phosphate (pH 3.0).
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Figure 3.
Electropherogram obtained from a mixture of racemic NMSal, “x” stands for unknown
identity.
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Figure 4.
The two types of orientation of the inclusion complexes for Sal and BTIQ.
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Table 1

Energies (in units of a.u.) for Sal, NMSal, and BTIQ from PM3 and B3LYP/6-31G* methods and for β-
cyclodextrin from PM3 methods.

PM3 B3LYP/6-31G*

β-CD -2.31056

Sal -0.12371 -594.07690

NMSal -0.12538 -633.38493

BTIQ 0.06264 -674.69503
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Table 2

The PM3 and ONIOM energies (ΔH in units of a.u.), stabilization energies
(ΔΔH in units of kcal/mol) and ΔHtotal (in units of kcal/mol) of the β-CD inclusion complexes of Sal, NMSal,
and BTIQ.

CD inclusion
complex

Orientation ΔH (a.u.) ΔΔH (kcal/mol) ΔHtotal
(kcal/mol)

PM3

Sal-(R) cis -2.46338 -18.27 -19.94

trans -2.46870 -21.60

Sal-(S) cis -2.45842 -15.15 -16.66

trans -2.46322 -18.17

NMSal-(R) cis -2.46897 -20.72 -20.79

trans -2.46919 -20.86

NMSal-(S) cis -2.45971 -14.92 -17.41

trans -2.46766 -19.90

BTIQ-(R) cis -2.27626 -17.78 -20.07

trans -2.28356 -22.36

BTIQ-(S) cis -2.27256 -15.45 -17.81

trans -2.28007 -20.17

ONIOM

Sal-(R) cis -596.41600 -17.91 -19.01

trans -596.41949 -20.10

Sal-(S) cis -596.41182 -15.29 -18.01

trans -596.42048 -20.72

NMSal-(R) cis -635.72722 -19.91 -20.04

trans -635.72761 -20.16

NMSal-(S) cis -635.71747 -13.79 -15.64

trans -635.72337 -17.49

BTIQ-(R) cis -677.03719 -19.83 -22.38

trans -677.04533 -24.94

BTIQ-(S) cis -677.03319 -17.32 -21.67

trans -677.04704 -26.01
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Table 3

Comparison of the number of hydrogen bonds in inclusion complexes with the number in β-CD.

CD inclusion
complex

Orientation Number of
hydrogen bonds

β-CD 3

PM3

Sal-(R) cis 3 -1 + 1 (intra)

trans 6 -1 + 4 (intra)

Sal-(S) cis 5 -1 + 2 (intra) + 1 (inter)

trans 6 -0 + 3 (intra)

NMSal-(R) cis 5 -0 + 2 (intra)

trans 5 -1 + 3 (intra)

NMSal-(S) cis 5 -1 + 3 (intra)

trans 6 -1 + 3 (intra) + 1 (inter)

BTIQ-(R) cis 3 -1 + 1 (intra)

trans 4 -1 + 2 (intra)

BTIQ-(S) cis 3 -2 + 2 (intra)

trans 4 -0 + 1 (intra)

ONIOM

Sal-(R) cis 3 -1 + 1 (intra)

trans 6 -1 + 4 (intra)

Sal-(S) cis 5 -1 + 2 (intra) + 1 (inter)

trans 5 -2 + 3 (intra) + 1 (inter)

NMSal-(R) cis 5 -0 + 2 (intra)

trans 5 -1 + 3 (intra)

NMSal-(S) cis 5 -1 + 3 (intra)

trans 6 -1 + 2 (intra) + 2 (inter)

BTIQ-(R) cis 4 -1 + 2 (intra)

trans 7 -0 + 4 (intra)

BTIQ-(S) cis 3 -0 + 0 (intra)

trans 7 -0 + 4 (intra)
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