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ABSTRACT: The separation of enantiomers and confirmation of their absolute
configurations is significant in the development of chiral drugs. The interactions
between the enantiomers of chiral pyrazole derivative and polysaccharide-based chiral
stationary phase cellulose tris(4-methylbenzoate) (Chiralcel OJ) in seven solvents and
under different temperature were studied using molecular dynamics simulations. The
results show that solvent effect has remarkable influence on the interactions. Structure
analysis discloses that the different interactions between two isomers and chiral
stationary phase are dependent on the nature of solvents, which may invert the elution
order. The computational method in the present study can be used to predict the
elution order and the absolute configurations of enantiomers in HPLC separations and
therefore would be valuable in development of chiral drugs.

Keywords: Enantiomer; Solvent Effect; Interaction; Molecular Dynamics (MD);
Elution Order
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1. Introduction
Chirality is important in drug development because chiral drugs are associated with
good curative effect, less toxic side effect and low dosage [1]. The two enantiomers of
a drug, such as thalidomide and ibuprofen [2,3], are different in pharmacological
activity, acute and chronic toxicity, receptor selectivity, metabolism and excretion rate
[4-8]. However the separation of enantiomers and confirmation of their absolute
configurations is a long-standing problem [9]. Enantioselective high performance
liquid chromatography (HPLC) is one of the most rapid and efficient method for
obtaining the two enantiomers of a chiral compound with high optical purity [10]. It is
based on the principle that one isomer interacts with the chiral stationary phase (CSP)
via three sites, while the other interacts CSP via two-site or less attachment [11,12].
Since one enantiomer is more stably attached on the CSP and has the longer eluting
time than the other, the two enantiomers are separated. Cellulose
tris-(4-methylbenzoate) (Chiralcel OJ), cellulose tris-(3,5-dimethylphenylcarbamate)
(Chiralcel OD) and amylose tris-(3,5-dimethylphenalcarbamate) (Chiralpak AD) are
three most widely used polysaccharide type CSPs.
Although many chiral compounds can be separated by HPLC effectively [13,14],
the absolute configurations of the isomers cannot be confirmed directly [15]. e.g. it
was risky to assign the absolute configurations of α-arylthiocarboxylic acid analogs
on CSP by extrapolation because there is little correlation between elution order and
substitution [16]. Therefore the absolute configuration prediction by extrapolation to
structural analogs has to be combined with another independent orthogonal method
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[16]. The most common methodologies for absolute configuration assignment
nowadays are NMR [17], circular dichroism (CD) spectroscopy [18] and X-ray
diffraction, the most preferred direct method to determine absolute configuration [19].
Several complicated methods were used to determine the absolute configurations of
the enantiomers such as the combination of Mosher’s method with CD spectroscopy
[20], the combination of vibrational circular dichroism (VCD), electronic circular
dichroism (ECD) measurements and theoretical calculations [21].
Computation techniques have been increasingly used to predict retention and
separation factors, to study recognition mechanism and to predict the absolute
configurations of eluting peaks combined with HPLC [22-26]. Alcaro et al studied the
enantioselective recognition of an asymmetric pyrazole derivative toward Chiralcel
OJ stationary phase using docking method [27]. The free energy of complexation was
in agreement with the chromatographic values based on the best pose of the docking
model. However the recognition of Chiralcel OJ is fulfilled by formation of a transient
complex between CSP and an enantiomer which is inserted at different cavities of
CSP, i.e., the position of the isomer in the groove changes with the flow of the mobile
phase and therefore the interaction between the isomer and the CSP would change
accordingly. Therefore, it is necessary to consider different positions where an isomer
is located on CSP during elution. In our previous research [28], the interactions
between chiral imidazole derivatives and CSP were studied in two solvents and we
found that the types of solvents had influence on the interactions between the
enantiomers and CSP. Since there is no hydrogen bond donor in imidazole derivatives
and CSP [28,29], nonpolar interaction plays a dominate role between chiral imidazole
derivatives and CSP. Thus it would be interesting to elucidate how solvents would
affect the interactions when a polar group is introduced into the structure. On the other
4

hand, separation of chiral drugs by HPLC has been performed under different column
temperature [30,31], therefore, it is also important to study if temperature has similar
influence on their interactions.
Pyrazole derivatives with a chiral center have potent and selective in vitro
activity against monoamine oxidase A and exhibited anti-inflammatory, antitumor,
anticancer, antidepressant/antianxiety and antinociceptive effect [32-34]. It is
well-known that mobile phase has significant influence on the separation of
enantiomers by HPLC [35,36]. At room temperature (25°),
1-acetyl-3-(4-hydroxyphenyl)-5-(2-chlorophenyl)-4,5-dihydro-(1H)-pyrazole
(compound 1 in Fig. 1) was separated using four types of mobile phases on chiralcel
OJ (Fig. 1) [37]. In contrast to imidazole derivatives, there is a polar OH group in
compound 1 and the (R)-enantiomer was eluted first followed by the (S)-enantiomer
in all mobile phases [37]. In this paper, systematic study was performed to investigate
the influence of solvents and temperature on the separation of the two enantiomers of
the pyrazole derived compound. Each isomer was positioned at three different
positions on a CSP column to reflect the positions during elution.

2. Computational methods
2.1. Parameter setting
Polymer Consistent Force Field (PCFF) derived from CFF91 was employed in
all computations [38]. It was specifically developed for polymers such as
polycarbonates and polysaccharides, as well as organic materials [39-43]. The total
potential energy is calculated by Equation (1).
E = Eb + Eθ + Eφ + Eχ + Ebb ' + Eθθ ' + Ebθ + Ebφ + Eb 'φ + Eθφ + Eφθθ '
+∑
i> j

qi q j

εr

P
ij

+ ∑[
i> j

Aij
9
ij

r

−

Bij
6
ij

r

(1)
]

5

The first eleven items are chemical bond energies and the last two items are
non-bonded interaction energies, namely electrostatic energy and van der Waals
energy. The electrostatic energy is computed by the cell multipole method [44], which
is rigorous and efficient in handling non-bonded interactions in both non-periodic and
periodic systems. The van der Waals energy is based on Lennard-Jones potential to
calculate long-range non-bonded interactions [45]. All calculations were performed
using the Discover module in the Material Studio software (Accelrys, USA). The
molecular dynamics (MD) simulation and structure optimization were performed
using NVT ensemble and Andersen thermostat [46].
2.2. Preparation of complex conformations and calculation of bindinginteraction
energies
The structures of the enantiomers and the monomer of Chiralcel OJ were built in
Material Studio and optimized using conjugate gradient algorithm [47] and
Polak-Ribiere method [48]. Because cellulose is a highly ordered helical natural
polymer and a big helix are formed by 12 monomers [28], a model composed of 12
monomers was built based on the optimized monomer of Chiralcel OJ with the
terminal replaced by methyl (Fig. 2a). The coordinates of the 12-mer Chiralcel OJ can
be downloaded from supplementary information. In MD simulations, all individual
enantiomer and CSP were subjected to 100ps equilibration at 500K followed by
another 100ps production at 298K. Conformations were saved every 10ps. Thus 10
frames were generated from the production and each of them was subsequently
minimized. The convergence threshold was set to 0.1 kcal/(mol·Å) and the dielectric
constant (DC) set to 1.00. The lowest energy conformations of the enantiomers and
CSP were used to build the enantiomer-CSP complex model.
Each isomer was placed into the groove of the side chain of Chiralcel OJ to build
6

the initial complex model. Because the position of the isomer in the groove and the
interaction between the isomer and the CSP changes with the flow of the mobile
phase, each isomer was positioned at three different initial positions (Fig. 2b). One
was located in the middle groove of CSP and the other two were slightly towards each
end of the CSP.

MD was performed for each initial complex. First, 100ps run was carried out at
500K. Then the structures were equilibrated at 298K (the column temperature) for
200ps followed by 100ps production. Conformations were saved every 10ps. Thus 10
conformations were retrieved at each of the three interaction positions, resulting in 30
conformations. These conformations were then subject to minimization with
convergence threshold set to 0.1 kcal/(mol·Å).

The bindinginteraction energy (EbindingEinteract) between an isomer and the CSP was
calculated based on the energies of the complex, the CSP and the isomer (Ecomplex,
ECSP and Eisomer) (Equation (2)) [49,50].
Eint eract = Ecomplex − ( ECSP + Eisomer )

(2)

2.3. Solvent effect
Solvent effect mainly includes short-range and long-range effect. The former
refers to the covalent or hydrogen bond interactions between solvent and solute. The
latter refers to the electrostatic interactions between the dipoles of solvent and solute.
In the present study the DC values were set to highlight the long-range effect of
various solvents on the interactions between the isomers and CSP. Compound 1 was
separated with four types of mobile phases, n-hexane/ethanol (70/30),
n-hexane/2-propanol (60/40), ethanol and 2-propanol. The DC values are 9.06, 8.58,
7

25.80 and 18.62 respectively. In addition, three reference solvent conditions, vacuum,
n-hexane and water with DC values of 1.00, 1.89, 81.00, respectively, were also
considered in order to explore the solvent effect systematically.
The interaction energies between the isomers and CSP are affected by initial
conformations and solvents. In order to examine the influence of initial conformations
on the bindinginteraction energies, compound 1 was placed at three different positions
in the CSP groove in four types of mobile phases, n-hexane/ethanol (70/30),
n-hexane/2-propanol (60/40), ethanol and 2-propanol. Furthermore, in order to
examine the net solvent effect, the three initial conformations in the three reference
solvents (vacuum, n-hexane and water) were set to the same as that in 2-propanol.
2.4. Temperature effect
The column temperature also has an important effect on HPLC separation [30,
31]. Therefore, in addition to the experimental temperature of 298K, calculations were
also performed at high temperature (500K) and low temperature (100K) under the
mobile phase 2-propanol (DC = 18.62) following the same protocol as that applied for
the room temperature. In order to evaluate the net temperature effect, the compound 1
at these temperature conditions was placed at three positions same as those set for
298K.
MD simulation was performed for each initial complex. First 100ps run was
carried out at 500K to overcome the molecular energy barrier firstly. Then the
structures were equilibrated at 500K or 100K for 200ps followed by 100ps production
at the samerespective temperature. The conformations of complex were saved every
10ps, so 10 conformations were retrieved for every interaction position, which led to

Commented [m1]: 对于两个不同温度，
500K： 系统先升温到 500K 以克服能垒，然后在 500K 平衡
200ps？
100K： 这个模拟也是先升温到 500K, 然后再降到 100K 平衡
200ps

30 conformations for three positions. These conformations were then subjected to

是的，就相当于前面 298K 那部分，在 298K 的温度改成 500K，
或者 100K，
其实就是平衡温度和 production 温度分别设置为 298，

minimization with convergence threshold set to 0.1 kcal/(mol·Å).

500,100. 这部分和前面的重复了，但审稿人没弄明白，只能在这
里重复叙述一下了。
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3. Results and discussion
3.1. MD simulations
Chiralcel OJ belongs to polysaccharides, so PCFF, a force field specially
developed for polymers was used in all computations. The first 100ps run was
performed at 500K to allow the complexes to overcome energy barriers such that the
total potential energy hypersurface was fully explored. Fig. 3 shows the relationship
between the energy and the simulation time for the (R)- isomer in the mobile phase
2-propanol. At 500K, the system reached the equilibration after 25ps. At 298K, the
energy of the system fell quickly and leveled off. Rest of the simulation results were
similar to those described here.

3.2. Energy analysis
3.2.1. Solvent effect
It was reported that the (R)- enantiomer of the compound 1 was eluted first
followed by the (S)- isomer when they were separated using four types of mobile
phases, n-hexane/ethanol (70/30), n-hexane/2-propanol (60/40), ethanol and
2-propanol [37]. Fig. 4 shows the calculated interaction energies in seven solvents.
The interaction energy values are listed in Table S1. It is demonstrated that the mean
interaction energy of the 30 conformations of the (S)- enantiomer is lower than that of
the (R)- enantiomer in polar solvents, no matter it is a mixture solvent such as
n-hexane/ethanol (70/30) and n-hexane/2-propanol (60/40) or a pure solvent such as
ethanol, 2-propanol and water. That is, the interaction between the (S)- isomer and the
CSP is stronger than the (R)- isomer such that the (R)- isomer elutes first followed by
the (S)- isomer when the enantiomers are separated by HPLC. This is coincident with
9

the experimental results reported in previous literature [37]. In contrast, the interaction
between the (R)- isomer and the CSP is stronger than the (S)- isomer in vacuum or
non-polar solvent n-hexane, indicating that the (S)- isomer elutes first followed by the
(R)- isomer. It should be noted that the initial structures of the complex in vacuum
and n-hexane are the same as those in 2-propanol and water. Thus the different
features of the solvents decide the preference of the isomers on the CSP, and therefore
have a significant influence on the separation results. So the DC value in MD
simulations should be set in accordance with the HPLC mobile phase so that results
can be used to accurately predict the absolute configurations of the enantiomers under
the experimental separation conditions.

Table 1 shows the decomposition of the interaction energy of the mean energy
conformation (the conformation whose energy is closest to the mean energy). The
bindinginteraction energies and long-range van der Waals interactions are calculated
by Equations (3) and (4).
Eint eract = Evdw + Eele

(3)

Evdw = Erep + Edisp

(4)

It can be seen that the contribution of the van der Waals energy is much greater
than the electrostatic energy while the order of the van der Waals energies of (R)- and
(S)- configurations is coincident with that of their bindinginteraction energies. With
an increase in the polarity of the mobile phases, the contribution of the electrostatic
energy decreases for both enantiomers. This is because the polar electrostatic
interaction between the isomers and CSP is more obvious in nonpolar environment,
whereas the polar interaction is weakened in polar environment. Van der Waals
interaction is composed of repulsive energy and dispersive energy. When two
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molecules are close to each other, the steric repulsive energy leads to the instability
and strong dispersive energy results in the stability of the complex. The complex tends
to an equilibrium state under the two opposite interaction energies. Although the
repulsive energy makes the configurations unstable in all solvents, the stronger
dispersive energy bring the complexes into stable states (Table 1).
It is well-known that DC has influence on electrostatic interaction but shows no
effect on van der Waals interaction [29]. The complex conformations of the (R)- and
(S)- isomer and CSP from the same initial conformation (middle) in 2-propanol and
vacuum are shown in Fig.5. The conformations were obtained from a 100-ps MD
simulation at high temperature (500 K) and 200-ps equilibration. Although the isomer
is located in the groove of CSP in 2-propanol (Fig. 5a), there is no strong interaction
between the groups of the (R)- isomer and CSP. Whereas the interactions between the
isomer and CSP are stronger in vacuum than in 2-propanol with a hydrogen bond
formed between the hydroxyl group of the isomer and the carbonyl group of CSP (Fig.
5c). Similar results were obtained between the (S)- isomer and CSP (Fig. 5b and Fig.
5d). So starting from the same initial conformation, the complex can evolve into
different conformations in different solvents. Therefore, solvent condition not only
decides the elution order of the enantiomers, but also has significant impact on the
dynamic evolution of the complexes and their stability.
3.2.2. Temperature effect
Fig. 6 shows the calculated interaction energies under three temperature
conditions. The interaction energies are listed in Table S2. It can be seen that the
average interaction energy of the (R)- isomer is weaker than that of the (S)- isomer at
100K and 298K, which suggests that the (R)- isomer elutes faster than the (S)- isomer.
It should be noted that the interaction energies of the two enantiomers are very close
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to each other (the difference is less than 1kcal/mol) at a high temperature of 500K,
although the initial conformations are set to the same as those at 100K and 298K. This
implies the enantiomers cannot be separated effectively at high temperature. Starting
from the same initial complex conformation, the two enantiomers exhibit different
separation results under different temperature conditions.
Temperature influences the thermodynamic retention and separation of the
enantiomers and their kinetic diffusion [51]. In chromatographic enantioseparation,
the relationship between retention factor, separation factor and temperature can be
described by the Van’t Hoff equation (Equations (5) and (6)) [31,51].
ln 𝑘𝑘 = −

∆𝐻𝐻 0
𝑅𝑅𝑅𝑅

+

ln 𝑎𝑎 = −

∆𝑆𝑆 0
𝑅𝑅

∆∆𝐻𝐻 0
𝑅𝑅𝑅𝑅

+ ln 𝛷𝛷
+

(5)

∆∆𝑆𝑆 0

(6)

𝑅𝑅

In the equations, k is retention factor and a is separation factor. ∆𝐻𝐻 0 and ∆𝑆𝑆 0

represent the differences in the enthalpy and entropy when an isomer transfers from
mobile phase to CSP. R is universal gas constant and Φ is phase ratio. ∆∆𝐻𝐻 0 and

∆∆𝑆𝑆 0 represent the differences of ∆𝐻𝐻 0 and ∆𝑆𝑆 0 for a given pair of enantiomers,

respectively. Positive ∆∆𝐻𝐻 0 and ∆∆𝑆𝑆 0 value suggests that the enantioseparation is
entropy-driven and the separation factor increases with an increase in temperature.

Negative ∆∆𝐻𝐻 0 and ∆∆𝑆𝑆 0 values mean that enantioseparation is enthalpy-driven and

the separation factor decreases with an increase in temperature [52]. A turning

temperature exists and for the enthalpy-driven enantioseparation, a temperature lower
than the turning temperature should be chosen. Since the separation of the compound
1 on chiralcel OJ is enthalpy-driven [53], high temperature is disadvantageous to the
separation. In addition, the difference of bindinginteraction energies between the (R)and (S)- isomer at 100K is smaller than that at 298K. In the previous literature, Zhou
R. et. al reported poor enantioseparation of Metoprolol on BCDSP at low temperature
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[51]. The negligible difference in the bindinginteraction energies of the two
enantiomers at low temperature may be caused by slow diffusion which further leads
to long retention time and weak separation.
Although temperature effect is not as significant as solvent effect, it cannot be
ignored in the simulation. Therefore the simulated temperature should be set based on
the actual column temperature in HPLC experiment.

The interaction energies of the mean-energy conformations are listed in Table 2.
Similar to the solvent effect, under different temperature conditions, the contribution
of the van der Waals energy is much greater than that of the electrostatic energy and
the order of the van der Waals energies of the (R)- and (S)- configurations is
coincident with their bindinginteraction energies. Meanwhile, the difference in the
interaction energies between the two isomers at 100K and 298 K is mainly attributed
to the dispersive energy.

3.3. Structure analysis
The plot of retention factor vs. solvent ratio disclosed a U-shaped retention curve,
indicating that different interactions are dominant in different mixture of polar organic
solvents [54]. It was suggested that the main sites of Chiralcel OJ involved in the
chiral separation are probably the polar carbonyl groups and the aromatic fragments
of the ester functional group [53]. The chiral compound 1 contains an acetyl
substituted pyrazole and a phenol ring while CSP contains a 4-methylbenzoate side
chain (Fig. 1). The carbonyl groups of the CSP are located inside the polymer chain
and can act as hydrogen bond acceptors and establish dipole-dipole interactions with
the enantiomers. The aromatic fragments are located outside the polymer chain and
13

can form π-π or CH3-π interactions with the enantiomers.
From the computational results and the structures of the chiral compound 1 and
Chiralcel OJ, we suggest that the interactions between the two enantiomers and CSP
are mainly dominated by nonpolar steric interactions such as π-π stack or hydrophobic
interactions formed between the alkyl groups of the CSP and the aromatic ring of the
enantiomers in the polar solvents. The distinction of the nonpolar interactions between
the two enantiomers and CSP becomes more remarkable against strong polar solvent
surroundings. So the enantiomers can be separated effectively in the polar solvents.
When the polarity of the solvents is weakened, the nonpolarity of the surroundings
attenuates the marginal difference of the nonpolar interactions between the two
isomers and CSP. The decreased separation effect even makes the difference disappear,
thus the enantiomers cannot be separated effectively.
This actually is in accordance with previous experimental observations on the
enantioseparation

of

various

chiral

compounds.

For

example,

a

chiral

3,5-diarylpyrazole derivative (compound 2 in Fig.1) was separated effectively on
Chiralcel OJ in polar solvents [55], since the nonpolar interactions between the
enantiomers and CSP dominate and polar solvents are favourable to the separation of
the enantiomers. In ethanol eluent, the hydrophobic group in compound 2 makes the
separation factor increase on Chiralcel OJ and the (R)-configuration elutes first [53].
Similar result was also observed on other types of CSPs. For example, Terazosin
(compound 3 in Fig. 1) was separated effectively in polar solvents on Chiralpak IC
(cellulose tris(3,5-dichlorophenylcarbamate)) [56].
In addition, we suggest that the nonpolar solvents are beneficial to the separation
of enantiomers when polar interactions dominate between the enantiomers and CSP.
This again is supported by previous experimental results. For instance, baseline
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separation of azelnidipine (compound 4 in Fig.1) was achieved in mobile phase
n-hexane/2-propanol (90/10) (DC =3.56) on Chiralpak AD (amylose
tris(3,5-dimethylphenylcarbamate)) [57]. The separation factor of chiral oxaliplatin
(compound 5 in Fig.1) decreased with the enhancement of the polarity of the mobile
phase which even reached 1 on Chiralpak IC [58]. Two neonicotinoid pesticides
compound 6 and 7 (Fig. 1) were separated on Chiralcel OD. The separation factor of
compound 6 decreased whereas compound 7 increased, when the polarity of mobile
phase was lost [59]. This indicated that the polar interactions between compound 7
and CSP were stronger than compound 6, because there are more polar groups in
compound 7 than 6.
On the other hand, strong nonpolarity of the surroundings may manifest the few
polar hydrogen bonds interactions between the enantiomers and CSP and may result
in the inversion of elution order. In the previous study [28], a chiral imidazole
derivative was separated in n-hexane/ethanol (50/50), while the distinction of
interaction between the two enantiomers disappeared in n-hexane/ethanol (98.5/1.5).
In the present study, the elution order was inversed in nonpolar solvent n-hexane or in
vacuum when the DC value was further decreased to 1.89 and below. So it can be
deduced that a threshold DC value exists under which the polar and nonpolar
interactions between enantiomers and CSP would counteract each other, as a result the
distinction between enantiomers disappears during HPLC separation. In the polar
solvents with DC values higher than the threshold DC, the nonpolar interaction
dominates so that the isomers can be separated effectively; in the nonpolar solvents
with DC values lower than the threshold DC, the polar interaction dominates and the
isomers also can be separated, although the elution order maybe inverted.
For example, an imidazole derivative (compound 8 in Fig. 1) was separated and
15

the (+)-isomer eluted first in ethanol/diethylamine (100/0.1) solvent, while the
(-)-isomer eluted first in 2-propanol/diethylamine (100/0.1) solvent on Chiralcel OJ
[29]. Similar observations were also reported on other CSPs. Compound 1 (Fig. 1)
was separated on Chiralpak AD and the (R)- isomer eluted first in
n-hexane/2-propanal (60/40) mobile phase, while the (S)- isomer eluted first in
n-hexane/ethanol (70/30) mobile phase [37]. The (+)-isomer of an analogue
(compound 9 in Fig. 1) of compound 1 eluted first in 2-propanol solvent, while its
(-)-isomer eluted first in ethanol solvent on Chiralcel OD[37]. The elution order of
racemic Omeprazole, Pantoprazole, Lansoprazole and Rabeprazole was inverted in
different mobile phases on Chiralpak IA (amylase tris(3,5-dimethylphenylcarbamate))
[60]. A spiral compound, 2,2’-di-(n-butyl)-1,1’-bibenzimidazole (Compound 10 in Fig.
1) was separated and the P- isomer eluted first in n-hexane/2-propanol (100/10)
solvent, while the M- isomer eluted first in n-hexane/ethanol (100/10) solvent on
Chiralpak AD [61]. Similar observation was reported for the separation of chiral
polyhalogenated 4,4’-bipyridines (Compound 11 in Fig. 1) in different solvents on
polysaccharide carbamate-based CSP [62].
The mean energy conformations of the complexes in 2-propanol (DC =18.62) are
shown in Fig. 7. We found although the (R)- isomer is embedded in the groove,
5-(2-chlorophenyl) is bare and its benzene ring is almost vertical to that in the CSP
(Fig. 7a). The (S)- isomer is also embedded in the groove and surrounded by the side
chains of the CSP and π-π stack is formed between the 5-phenyl of the isomer and the
benzene ring of the CSP (Fig. 7b). So the interaction energy between the (R)- isomer
and CSP is weaker than that of the (S)- isomer. Fig. 7c and Fig. 7d show the
conformation of the complexes with energy closest to the mean energy in vacuum
(DC =1.00). In non-polar solvent, it is obvious that the (R)- isomer is embedded in the
16

groove binding more tightly than the (S)- one. The mean energy conformations of the
complexes in other solvents are shown in Fig. S1. All of the complex structures were
retrieved from the MD simulations in different solvents at 298K.

Complex structures were also retrieved from the simulations under different
temperature conditions in 2-propanol (DC =18.62). The mean energy conformations
of the complexes at 500K are shown in Fig. 7e and Fig. 7f. In the complex of the (R)isomer and the CSP, the benzene ring of 3-(4-hydroxyphenyl) is located between the
methyl and the aromatic ring of the CSP forming a CH3-π-π interaction. The 5-(2chlorophenyl) group shows no obvious interaction with CSP. In the complex of the
(S)- isomer and the CSP, a CH3-π interaction is formed between the methyl of 1-acetyl
and the benzene ring of the CSP along with a π-π interaction formed between the
benzene rings of 3-(4-hydroxyphenyl) and the CSP. The similar interaction between
the two isomers and CSP indicates there is little difference in their bindinginteraction
energies. Therefore the enantiomers cannot be separated effectively at high
temperature. The mean energy conformations of the complexes in 2-propanol
(DC=18.62) at 100K are shown in Fig. S2.

Although same initial conformations were employed in various mobile phases
(with DC values of 1.00, 1.89, 18.62 and 81.00) and under extreme temperature
conditions (500K and 100K), it is worth noting that a hydrogen bond is only observed
in the conformations of the (R)- and (S)- enantiomers in vacuum (DC =1.00) and the
(S)- enantiomer in n-hexane (DC =1.89) among all complexes (Fig. 7, Fig. S1). This
validates our suggestion that the dominating interactions between the two enantiomers
and CSP may change from the nonpolarity to the polarity when the polarity of
17

solvents is decreased.

4. Conclusions
The separation of chiral drug enantiomers and confirmation of their absolute
configurations are significant in the development of drugs. The pyrazole derivative
chiral compound 1 is a potent anti-inflammatory, antitumor, antidepressant and
antinociceptive drug. Systematic study was performed on the interactions between the
enantiomers of the compound and the CSP (Chiralcel OJ) in seven solvents and three
temperature conditions using molecular dynamics simulations. The results disclose
that the solvent effect has remarkable influence on the interaction. In polar solvents,
the complex of the (S)- isomer and the CSP is more stable than that of the (R)- isomer,
which makes (R)- isomer elute first. This is accordant with previous experimental
results. In the hypothetical nonpolar solvents (DC =1.00 or 1.89), the elution order is
opposite to that observed in the polar solvents. The interaction energy between the
(R)- isomer and the CSP is stronger than that of the (S)- isomer, which makes the (S)isomer elute first. Same initial structures of the complex were used in vacuum,
n-hexane, 2-propanol and water, respectively. Interestingly, the elution order of the
enantiomers was inverted in polar solvents in contrast to the results observed under
nonpolar condition. Structure analysis demonstrates that the distinction of nonpolar
interactions between the two isomers and CSP are more remarkable in polar solvents.
While in nonpolar solvents, the distinction of polar interactions between the two
isomers and CSP are more remarkable. The different interactions in various polar
solvents may make the elution order invert. Temperature effect on the separation
result was also investigated by computational study. Energy analysis shows that the
intermolecular van der Waals energy, especially the dispersive energy determines the
18

separation efficiency and the elution order of the enantiomers on the stationary phase.
This computational method in the present study opens can be used to predict the
elution

order

and

the

absolute

configurations

of

the

peaks

in

HPLC

enantioseparations.
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Figure Captions:
Fig. 1. The structures of chiral compounds and CSP. The chiral center is labeled by *.
Fig. 2. (a) Top view of the CSP conformation, the ball represents the R group in the
structure of Chiralcel OJ in Fig. 1. (b) horizontal view of the CSP conformation and
the three initial positions (labeled by green stars) of each enantiomer in the groove of
CSP.
Fig. 3. The relationship between the energy and the simulation time (a) at 500K. (b) at
298K.
Fig. 4. The calculated interaction energies in seven solvents. “▲” represents the
(R)-enantiomers and “▼” (S)-enantiomers. “—” denotes the mean interaction energies
of the two enantiomers .
Fig. 5. The complex conformations of the (R)/(S)-isomers and CSP in (a) (b)
2-propanol (DC=18.62). (c) (d) Vacuum (DC=1.00). H-bond is shown by blue dotted
line. (c) dH…O=1.707Å, AO-H…O=155.9°. (d) dH…O=1.874Å, AO-H…O=170.4°.

Formatted: Subscript
Formatted: Font: +Body Asian (SimSun), Subscript

Fig. 6. The calculated interaction energies under three temperature conditions. “▲”
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represents the (R)-enantiomers and “▼” (S)-enantiomers. “—” denotes the mean
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interaction energies of the two enantiomers.
Fig. 7. The mean energy conformation of the (R)-/(S)- complexes in (a) (b)
2-propanol under 298K(DC=18.62). (c) (d) in vacuum under 298K (DC=1.00) (e)(f)
in 2-propanol under 500K (DC=18.62). (c) dH…O=1.900Å, AO-H…O=146.7°. (d) dH…
O=1.828Å, AO-H…O=168.9°.
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