
Introduction

The development of analytical methods that separate and

quantify the enantiomers of pharmaceutical compounds continues

to play an important role in the drug development process [1].

Many chiral stationary phases have been developed and commer-

cialized for the detection of the enantiomer as the potential impu-

rity in the optically active drug substance. In the past, we reported

the separation of pharmaceutical compound and the corresponding

enantiomer on cellulosetris (3, 5−dimethylphenylcarbamate)

(CHIRALCEL OD−RH) and amylosetris (3, 5−dimethylphenyl-

carbamate) (CHIRALPAK AD−RH) [2]. While the amylose−based

CHIRALPAK AD−RH had the same derivatization group (3, 5−di-

methylphenylcarbamate) as its cellulose−based counter part

(CHIRALCEL OD−RH) did, the elution order of enantiomers on

the CHIRALPAK AD−RH was reversed compared to that on

CHIRALCEL OD−RH.

The structures of the derivatized subunits of the chiral station-

ary phases (CSPs) were shown in Figure 1. Okamoto’s research
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Cellulose derivative Amylose derivative

Figure 1. Chemical structures of chiral selectors
Cellulose derivative: CHIRALCEL OD−RH
Amylose derivative : CHIRALPAK AD−RH
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group has reported numerous examples in which cellulose−based

and amylose−based columns showed different chiral recognition

abilities [3−5]. The difference in chiral recognition ability between

the two CSPs is attributed to the conformational difference be-

tween cellulose−derived and amylose−derived stationary phases.

Temperature has a major impact on retention, selectivity

(enantio−selectivity), resolution, and column efficiency for chro-

matographic separation. Consequently, the variation of the column

operation temperature has been frequently exploited as an optimi-

zation parameter in gas and liquid chromatographic separations of

enantiomers [6−9]. Analysis based on van’t Hoff plots of retention

and separation derived from variable−temperature operation is rou-

tinely used to access thermodynamic functions of enantio−selective

adsorption, which may be interpreted in terms of mechanistic as-

pects of chiral recognition. Numerous studies devoted to the eluci-

dation of effects of temperature on the separation characteristics of

chiral selector systems, such as protein [10, 11], crown ethers [12,

13], cyclodextrins [14] and cellulose− and amylose−derivatives [15

−19].

Under linear chromatographic conditions the temperature de-

pendence on the retention of a given analyte can be expressed with

the following functional thermodynamic equation:

ln k = −∆ H°/RT + ∆ S°/R + lnΦ (1)

wherek is the retention factor,R the universal gas constant,T the

absolute temperature in Kelvin,∆ H°and∆ S°the molar enthalpy

and molar entropy of absorption, respectively, andΦ the phase

volume ratio. Combing Eq. (1) with the expression for the enantio−

separation factor (α = ks/kf, with s and f arbitrarily referring the

second and first eluted enantiomers, respectively) and the Gibbs−

Helmholtz relationship (Eq (2)):

− ∆∆ G°= RT ln α (2)

gives Eq. (3):

ln α = − ∆∆ H°/RT + ∆∆ S°/R (3)

This expression relates the temperature and the experimentally eas-

ily accessible α value with the molar differential enthalpy

(∆∆ H°) and entropy (∆∆ S°) of enantio−selective adsorption.

Provided that these equations are temperature−independent, graphi-

cal analysis of lnα and inverse of absolute temperature gives lin-

ear plots (van’t Hoff plots), from which the molar differential en-

thalpy (∆∆ H°) and entropy (∆∆ S°) can be extracted from the

slope (− ∆∆ H°/R) and the intercept (∆∆ S°/R), respectively.

In this paper we explore the mechanism of enantio−separation

of potential drug substance (R−2− (4−bromo−2−fluorobenzyl)−(1,

2, 3, 4−tetrahydropyrrolo [1, 2−a] pyrazine−4−spiro−3’−pyr-

rolidine)−1, 2’, 3, 5’−tetrone) (Figure 2) [20] and corresponding

(S)−enantiomer as the probe compounds on the chiral columns,

CHIRALCEL OD−RH and CHIRALPAK AD−RH, respectively.

Experimental

Materials

R−2− (4−Bromo−2−fluorobenzyl)−(1, 2, 3, 4−tetrahydropyr-

rolo [1, 2−a] pyrazine−4−spiro−3’−pyrrolidine)−1, 2’, 3, 5’−

tetrone and correspondingS−enantiomer were synthesized in the

laboratory of Dainippon Pharmaceutical Co., Ltd. (Osaka, Japan).

Ammonium acetate was of reagent grade from Wako Pure Chemi-

cal Industries Ltd. (Osaka, Japan). HPLC grade acetonitrile were

also purchased from Wako Pure Chemical Industries Ltd. Acetoni-

trile was chosen for organic modifier due to the poor durability of

cellulose− and amylose−columns for pressure. The water was

deionized prior to usage.

Instrumentation

The HPLC system consisted of an L−7100 intelligent pump,

an L−7400 UV−visible spectrophotometric detector, an L−7200

auto sampler and D−7000 interface and the chromatographic data

were processed using HSM 7000 chromatography data station soft-

ware (Hitachi, Tokyo, Japan). The columns used in this study were

CHIRALCEL OD−RH and CHIRALPAK AD−RH packed with

chemically modified cellulose and amylose as the stationary phase,

respectively. These columns were purchased from Daicel Chemical

Ltd. (Tokyo, Japan).

Chromatographic conditions

The mobile phase consisted of 0.01 M acetate buffer (pH 4.7)

and HPLC−grade acetonitrile that were pre−mixed before use. The

mobile phase flow−rate was 0.5 mL/min. The column temperature

was 11−45℃. UV detection was performed at 297 nm. The sample

solutions were prepared in acetonitrile at a concentration of 0.1−

0.2 mg/mL. A 10−µL volume was injected. The retention factor

was determined ask = (tR−t0) /t0. The t0 was determined by inject-

ing methanol, noting the time of first perturbation due to methanol.

Results and discussion

The chromatograms of the enantio−separation of probe enanti-

Figure 2. Chemical structure ofR−2−(4−bromo−2−fluorobenzyl)
−(1, 2, 3, 4−tetrahydropyrrolo [1, 2−a] pyrazine−4−
spiro−3’−pyrrolidine)−1, 2’, 3, 5’−tetrone (R−enanti-
omer).
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omeric pairs on the CHIRALCEL OD−RH and CHIRALPAK AD

−RH columns in the reversed−phase mode are shown in Figure 3,

respectively. Acetonitrile concentration in the mobile phase was al-

tered to change the magnitude of interaction between the chiral sta-

tionary phase and the enantiomers. It was noted that the separation

factors observed on the CHIRALPAK AD−RH column are always

greater than those on the CHIRALCEL OD−RH column. Figure 4

shows plots of the separation factor versus inverse temperature on

the CHIRALCEL OD−RH and CHIRALPAK AD−RH column us-

ing a mixture of acetonitrile and 0.01 M acetate buffer (1:1) as the

mobile phase. Linear and non−linear van’t Hoff plot were observed

on the CHIRALCEL OD−RH column and CHIRALPAK AD−RH,

respectively. Non−linear plot could be divided into approximately

two linear regions. Slopes of all plots observed in this study are

positive, suggesting that the differences of enthalpy change

(∆∆ H°) are negative. This fact indicates that enantio−separation is

Table 1. Thermodynamic quantities of the enantio−separation on CHIRALCEL OD−RH and CHIRALPAK AD−RH

Column
Volume fraction of

acetonitrile (%)
Q [∆∆ H°/ T∆∆ S°] −∆∆ G°(kcal/mol) −∆∆ H°(kcal/mol) T∆∆ S°(kcal/mol)

CHIRALCEL
OD−RH

50 1.34 0.312 1.236 −0.924
55 1.35 0.307 1.175 −0.868
57 1.37 0.312 1.152 −0.840
60 1.40 0.308 1.076 −0.768
65 1.43 0.321 1.070 −0.749
70 1.47 0.297 0.932 −0.635

HIRALPAK
AD−RH

45a 1.69 0.443 1.087 −0.644
50a 5.12 0.473 0.588 −0.115
55a −0.16 0.493 0.068 0.425
45b 1.53 0.452 1.301 −0.849
50b 1.55 0.462 1.298 −0.836
55b 1.66 0.458 1.155 −0.697

Mobile phase consisted of acetonitrile and 0.01 M acetate buffer, pH 4.7.∆∆ G°, ∆∆ H°and∆∆ S°represent the difference of free energy,
enthalpy and entropy between enantiomers concerningtransfer from the mobile phase to the stationary phase.∆∆ G°andT∆∆ S°are evalu-
ated at 25℃. Column temperature: a) below 20℃, b) above 20℃.

(a) (b)

Figure 3. Separation ofR− andS−enantiomers on (a) CHIRALCEL OD−RH and (b) CHIRALPAK AD−RH. HPLC conditions: col-
umn, CHIRALCEL OD−RH and CHIRALPAK AD−RH; column temperature, 25℃ for CHIRALCEL OD−RH and 40℃
for CHIRALPAK AD−RH; mobile phase, acetonitrile−0.01 M acetate buffer (pH 4.7) (1:1); flow rate, 0.5 mL/min; detec-
tion, 297 nm.

Figure 4. van’ Hoff plots of enantio−separation on CHIRALCEL
OD−RH (filled circle) and CHIRALPAK AD−RH (hol-
low circle). HPLC conditions: column, CHIRALCEL
OD−RH and CHIRALPAK AD−RH; column tempera-
ture, variable; mobile phase, acetonitrile−0.01 M acetate
buffer (pH 4.7) (1:1); flow rate, 0.5 mL/min; detection,
297 nm.
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enthalpically favorable process on these columns. Using these data

obtained, thermodynamic properties were calculated to understand

the mechanism for enantio−separation on both chiral columns.

The thermodynamic parameters for enantio−separation and

enthalpy−entropy ratiosQ [Q = ∆∆H°/ T∆∆S°] were calculated

and listed in Table 1. This arbitrary factor (Q ) represents the rela-

tive contributions of enthalpic vs. entropic effects to∆∆ G°at 25℃

[21]. As described above, the∆∆H°values obtained in this study

are negative. Therefore, positiveQ values indicate that the favor-

able enthalpic contribution to enantio−separation was counterbal-

anced by unfavorable entropic contribution. TheQ values obtained

from CHIRALCEL OD−RH column, and CHIRALPAK AD−RH

column at column temperature above 20℃ reveal that the enantio−

separation under this condition is governed by enthalpy (Q ranges

between 1.34 and 1.47 on CHIRALCEL OD−RH, and 1.53 and

1.66 on CHIRALPAK AD−RH, respectively). However, on the

CHIRALPAK AD−RH column at column temperature below 20℃,

entropy−dominated enantio−separation was observed. As is evident

from the data listed in Table 1, the∆∆ G°value was kept relatively

constant on each column, especially irrespective of two kind of

mechanism for enantio−separation on the CHIRALPAK AD−RH

column.

The differences of the entropy changes (T∆∆S°) are plotted

against the differences of enthalpy changes (∆∆H°) give straight

lines with correlation coefficients of 1.000 on both chiral columns,

as shown in Figure 5. As proposed previously [22], the empirical

linear relationship between∆∆H°and T∆∆S°means that the re-

sulting change inT∆∆S°is proportional to the accompanying

change in∆∆H°, which leads to following Eq. (4). Integration of

Eq. (4) gives Eq. (5), whereβ and T (∆∆ S0°) correspond to the

slope and intercept of the plots shown in Figure 5. Eq. (5) indicates

that the difference of entropy change consists of two terms one of

which is proportional to the difference of enthalpy change and the

other independent of it. Inserting Eq. (4) in the differential form of

the Gibbs−Helmholtz Eq (6), Eq (7) is obtained.

T∆ (∆∆S°) = β ∆ (∆∆H°) (4)

T (∆∆S°) = β (∆∆H°) + T (∆∆S0°) (5)

∆ (∆∆ G°) = ∆ (∆∆H°) − T∆ (∆∆S°) (6)

∆ (∆∆ G°) = (1−β ) ∆ (∆∆H°) (7)

As can be seen from Eq. (7), only a proportion (1−β ) of the

increment in ∆∆H°contributes toward the enantio−separation

(∆∆ G°). The intercept of the plot can be related to the difference

of the degree of conformational change and the extent of desolva-

tion induced upon enantio−separation. Eq. (5) indicates that as far

as the intercept (T∆∆S0°) is positive, as is indeed the case in this

study, enantio−separation can take place even in the absence of en-

thalpic gain (−∆∆H°).

In our study, very large values of the slope close to unit (1.03

for amylose−deriven CHIRALPAK AD−RH column and 0.96 for

cellulose−derived CHIRALCEL OD−RH column, respectively)

were obtained. This fact indicates that by the modification of the

mobile phase composition, the enhanced enthalpic force for enantio

−separation is effectively cancelled out by the entropic force, re-

sulting in the constant enantio−separation on these columns.

As for the entropic contribution, largerT∆∆S0°value of 0.49

kcal/mol was calculated on an amylose−derived column, however,

that value for a cellulose−derived column was 0.27 kcal/mol. In-

serting Eq (5) in the Gibbs−Helmholtz Eq (8), Eq (9) is obtained.

∆∆ G°= ∆∆H°− T∆∆S0° (8)

∆∆ G°= (1−β ) ∆∆H°− T∆∆S0° (9)

In our studyβ is nearly equal to unit, indicating the difference

of free energy is exclusively defined by the entropic term in this

system. Owing to the difference of the entropic contribution

CHIRALCEL OD−RH column, which consists of the 3, 5−di-

methyl−phenylcarbamate moiety bound to the cellulose backbone

instead of amylose, exhibited less chiral recognition ability than

CHIRALPAK AD−RH column (Table 1).

Chiral discrimination between the enantiomers is due to the

differences in their steric fit in the chiral cavities [3, 4]. Many

authors discussed the importance of the higher order structure of

the polysaccharide−based CSPs in chiral recognition [23−26].

Based on the experimental data, the importance of steric fitness in

the chiral cavity is demonstrated by the comparison of entropic

contribution (T∆∆S0°) on cellulose−derived CHIRALCEL OD−

RH column and amylose−derived CHIRALPAK AD−RH columns.

Dalgliesh established 3−point theory for chiral discrimination at-

tributed by the differences of interactions between the chiral ab-

sorption sites and enantiomers [27]. This theory is valid well in the

normal−phase mode. We suggest that the participation of the en-

tropic contribution for chiral discrimination (Table 1) and the pos-

Figure 5. Enthalpy−entropy compensation plot of the enantio−
separation on cellulose−derived CHIRALCEL OD−RH
(filled circle) and amylose−derived CHIRALPAK AD−
RH (hollow circle).
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sibility of enantio−separation without the differences of the molar

enthalpic change (∆∆H°= 0) (Figure 5) in the reversed−phase

mode.
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