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ABSTRACT 

&Cyclodextrin, chemically bonded to silica, was used as a chiral stationary phase for the HPLC separation of two chiral 
pharmaceuticals, oxaxepam and Prominal. The influence of temperature on the separation of these two compounds was studied in 
detail. A decrease in temperature caused an increase in the retention for both compounds. Chiral separation of oxaxepam was 
optimized by decreasing the temperature whereas that of Prominal was improved by increasing the temperature. Thermodynamic 
data reveal that the separation of Prominal is an interesting case of entropy-controlled separation whereas for oxaxepam the 
expected enthalpy-controlled separation was observed. The enantiomerixation of oxaxepam that occurs during its separation can 
be suppressed by using low temperatures. 

INTRODUCTION 

The high specificity of cyclodextrins (CDs) for 
the discrimination of enantiomers was first ob- 
served by Cramer in 1952 [l]. Owing to this 
property and their availability in large amounts, 
CDs are now widely used as chiral selectors for 
the separation of enantiomers with various chro- 
matographic techniques. 

In gas chromatography (GC), for example, 
cyclodextrin derivatives have been introduced as 
versatile enantioselective stationary phases by 
different groups [2]. Schurig and Nowotny [3] 
described the use of peralkylated cyclodextrins 
dissolved in a liquid stationary phase (polysilox- 
ane) whereas Kiinig et al. [4] and Armstrong et 
al. [5] applied peralkylated/acylated cyclodextrin 
derivatives as undiluted liquids. In high-perform- 
ance liquid chromatography (HPLC) , cyclodex- 
Wins have been mainly used in their underiva- 
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tized form either as chiral additives to the mobile 
phase [6,7] or chemically bonded to the station- 
ary phase. Armstrong and co-workers [&lo] and 
many others have demonstrated the broad enan- 
tioselectivity of chemically bonded cyclodextrin 
phases for numerous HPLC separations of en- 
antiomers. 

Whereas in GC temperature is the main par- 
ameter to be varied for optimizing separations, 
in HPLC little attention has been focused on this 
parameter. This is mainly due to the limitations 
imposed by the low boiling points of the solvents 
commonly used in normal-phase HPLC. Even 
with reversed-phase systems, which are operated 
with aqueous mobile phases, modification of the 
mobile phase composition has been preferred to 
temperature changes. 

So far, only a few workers have studied the 
effect of temperature on the resolution of en- 
antiomers by HPLC. The different chiral station- 
ary phases used include protein phases [l l-131, 
Pirkle phase [14] and some others [U-17]. It was 
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often found that a decrease in temperature 
causes an increase in enantioselectivity. This is 
consistent with thermodynamics because HPLC 
separations are usually enthalpy controlled. Re- 
cently, Pirkle and Murray [18] described an 
interesting study using a brush-type stationary 
phase where a progressive decrease in tempera- 
ture initially lowered the enantioselectivity, then 
inverted the elution order of the enantiomers 
and finally caused the enantioselectivity to in- 
crease. In GC, the influence of temperature on 
the elution order has been well documented. A 
change in elution order was predicted by Kop- 
penhiifer and Bayer [19] based on thermody- 
namic considerations and later observed ex- 
perimentally by Schurig et al. [20] and Watabe et 
al. [21]. 

P-CD, which consists of seven n-glucose mole- 
cules forming a ring structure, is the most widely 
applied CD. The cyclic arrangement of P-CD 
gives rise to a chiral cavity in which molecules of 
different structures can be included [22]. En- 
antiomers, for instance, can form diastereomeric 
inclusion complexes with P-CD. 

It is known from binding studies that an 
increase in temperature diminishes the extent of 
complexation between the guest molecule and 
/?-CD [23]. Therefore, it is expected that sepa- 
rations on chemically bonded &CD at different 
temperatures should give different results. In 
fact, chiral separations on such a stationary 
phase have been improved by decreasing the 
temperature [24,25]. 

This paper describes the influence of tempera- 
ture on the chiral HPLC separation of two 
pharmaceuticals using chemically bonded P-CD 
(ChiraDex) as the stationary phase: oxazepam, a 

@==m Prominal 

Fig. 1. Structures of oxazepam and Prominal. 

benzodiaxepinone, and Prominal, a barbiturate 
(Fig. 1). 

EXPERIMENTAL 

All solvents used for the preparation of the 
mobile phases were of LiChrosolv grade from 
Merck (Darmstadt, Germany). The HPLC col- 
umn was LiChroCART ChiraDex, 5 pm (P-CD 
chemically bonded to silica) (250 X 4 mm I.D.) 
from Merck. The instrumentation consisted of an 
HPLC system from Merck-Hitachi with an L- 
6200 intelligent pump, an L-4000 UV detector, a 
D-2500 integrator and a Rheodyne injection 
valve. Temperature experiments were performed 
with an Inlabo F 10 UC thermostat. 

RESULTS AND DISCUSSION 

The enantiomers of oxazepam and Prominal 
(Fig. 1) were chromatographed at different col- 
umn temperatures from 5 to 40°C using 
ChiraDex, chemically bonded B-CD, as the 
stationary phase. The chromatograms are shown 
in Figs. 2 and 3. The capacity factors (k’) and 
separation factors ((Y = k;lki) obtained are given 
in Table I. As expected, the retention times of 
both compounds increase with decrease in col- 
umn temperature. Further, van? Hoff plots 
(plots of In k’ against the reciprocal of absolute 
temperature) show linear behaviour (Figs. 4 and 
5). This usually occurs when there is no change 
in the retention mechanism as a function of 
temperature. Whereas the retention behaviour is 
very similar for both compounds, the chiral 
discrimination behaviour, described by In (I as a 
function of the reciprocal of absolute tempera- 
ture (l/T), is very different for oxazepam and 
Prominal (Figs. 6 and 7). An increase in tem- 
perature results in smaller OL values for oxazepam 
and larger (Y values for Prominal. Obviously the 
change in temperature influences differently the 
interaction of enantiomers with the stationary 
phase. This may be better understood if one 
considers the thermodynamics involved in the 
separation. 

The different interaction of two enantiomers 
(R and S) leading to chiral discrimination can be 
expressed as the difference in the free energy 
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Fig. 2. Chromatograms of oxazepam separations at different 
temperatures. Column, ChiraDex; mobile phase, methaaol- 
0.01 M NaH,PO, (pH 2.8) (40:60, v/v); flow-rate, 0.5 ml/ 
min; detection, UV at 220 nm. 

-A,,, AGO calculated from the separation factor 
a. 

-AR,S AGO = RT In a, a = kilki with ki > k:, 

(1) 

The combination of eqn. 1 with the Gibbs- 
Helmholz relationship: 

-AR,S AGO = -A,,, AH0 + T A,,, AS0 (2) 

gives 

lna = -AR,S AH’lR - l/T + AR,S AS’IR (3) 

According to eqn. 3, the enthalpy and entropy 
differences for the interaction of the two en- 
antiomers with the stationary phase can be 
obtained by plotting In a versuS l/T. The slope 
of these plots represents -A, S AH’IR and the 
intercept is related to AR,S Ak’IR. Further, as 
follows from the Gibbs-Hehnholz relationship 
(eqn. 2), there exists a certain temperature Ti,o 
(isoenantioselective temperature) where -A,,, 
AGO = 0 owing to enthalpy-entropy compensa- 
tion: 

15°C 

I 
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Fig. 3. Chromatograms of Prominal separations at different 
temperatures. C&mm, ChiraDex; mobile phase, methanol- 
water (509, v/v); flow-rate, 0.5 mllmin; detection, UV at 
220 rim. 
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TABLE I 
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VALUES OF k’ AND (I FOR THE ENANTIOMERS OF OXAZEPAM AND PROMINAL 

Chromatographic conditions: column, ChiraDex; flow-rate, 0.5 ml/mm; detection, UV at 220 nm; mobile phase, for oxaxepam 
methanol-O.01 M NaH,PO, (pH 2.8) (4060, v/v) and for ProminaI methanol-water (50:50, v/v). 

Temperature 

(“C) 
Oxaxepam ProminaI 

k; k; CK k; k; a 

5 0.85 1.69 1.994 4.54 4.54 1.008 
10 0.71 1.41 1.979 3.55 3.55 1.008 
15 0.60 1.18 1.962 2.74 2.87 1.048 
20 0.51 0.99 1.945 2.15 2.30 1.067 
25 0.43 0.83 1.922 1.68 1.82 1.082 
30 0.37 0.70 1.896 1.31 1.43 1.091 
35 - - - 1.04 1.14 l.lcm 
40 0.38 0.38 1.000 0.83 0.92 1.106 

Ti,, = AR,S AH’IA,,, AS’. (4) 
At Ti,, no separation of enantiomers will occur. 
Koppenhofer and Bayer [19] predicted that there 
will be an inversion of elution order because 

Ink 

1 r 

Fig. 4. Van? Hoff plots for the chiral separation of ox- 
axepam. Column, ChiraDex; mobile phase, methanol-O.01 
M NaH,PO, (pH 2.8) (4060, v/v); flow-rate, 0.5 ml/mm; 
detection, UV at 220 nm. 

below Ti,, the separation of enantiomers is 
enthalpy controlled whereas above Ti,, the sepa- 
ration is entropy controlled. 

Thermodynamic data for the chiral separations 
of oxazepam and Prominal are given in Table II. 
Interestingly, the A,,, AH0 values for the two 
pharmaceuticals have opposite signs, being nega- 
tive for oxazepam but positive for Prominal, 

Fig. 6. Ln a versus l/T for the separation of oxaxepam. 

a f-- m 3.3 3.33 3.3 3.35 3.. 3.45 3.5 

Fig. 5. Van’t Hoff plots for the chiral separation of ProminaI. 
Column, ChiraDex; mobile phase, methanol-water (50:50, 
v/v); flow-rate, 0.5 ml/min; detection, UV at 220 nm. Fig. 7. Ln a versus l/T for the separation of Prominal. 
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TABLE II 

THERMODYNAMIC DATA OBTAINED FOR THE 
SEPARATION OF OXAZEPAM AND PROMINAL 

Data calculated from the plots of In o versus 1 IT (Figs. 6 and 

7). 

Parameter 

rz 
-AR,S AH’IR 
AR,$ AS’IR 
-AR,s AGo (callmol)” 
AR.S AH’ (cal/mol) 
Ah,., AS’ (callmol) 

T,,, (K) 

Oxazepam 

0.979 
166.85 
0.093 
386.63 
-331.56 
55.06 

Prominal 

0.%5 
-188 
0.707 
45.1 
373.59 
418.69 
265.9 

“At T=298 K. 

which is unexpected. Usually, as most HPLC 
separations are enthalpy controlled, one would 
expect negative values. Obviously, with Promi- 
nal a special case was found where the tempera- 
ture dependence of the separation is entropy 
controlled. This is clearer by looking at the 
thermodynamic data in more detail. At T = 298 
K, A,,, AS0 = 418.69 cal/mol (1 cal = 4.186 J) 
calculated, which is a much higher value than 
that for oxazepam (55.06 cal/mol) (see Table 
II). The difference in free energy, -AR,S AGO = 
45.1 cal/mol, leads to the chiral discrimination, 
which is mainly driven by the drastic increase in 
entropy with increase in temperature. Because of 
enthalpy-entropy compensation, Ti,, was calcu- 
lated and determined for Prominal to be -7.l”C. 
Below this temperature there should be a rever- 
sal of the elution order. Unfortunately, it was 
not possible to confirm this with practical experi- 
ments. The two enantiomers of Prominal are not 
separated at 5°C (Fig. 3). At this temperature 
long retention times are observed and strong 
peak broadening prevents chiral separations 
because lower separation efficiencies due to peak 
broadening compensate enantioselectivity. 

As can be seen in Fig. 2, the chiral separation 
of oxazepam at 15°C and above is accompanied 
by a baseline shift between the elution of the two 
enantiomers, which indicates “enantiomeriza- 
tion”. Consequently, under these conditions it is 
not possible to determine the chiral purity quan- 

titatively. According to Biirkle et al. [26], “en- 
antiomerization” is a process in which the in- 
dividual antipodes of a racemic mixture of en- 
antiomers undergo inversion of their respective 
configurations during chromatographic resolu- 
tion. This effect has been described by several 
workers in GC [26,27] and HPLC [28]. Enantio- 
merization of oxazepam increases at higher col- 
umn temperatures. It is known from other 
studies [29] that benzodiazepinones such as ox- 
azepam tend to racemize as a result of their 
chemical structure. The chiral centre of ox- 
azepam is located in a seven-ring structure (Fig. 
1) which opens easily, thereby causing a change 
in configuration. The problem of enantiomeriza- 
tion can, however, be avoided if the chromatog- 
raphy is performed at column temperatures 
below 15°C. 

In conclusion, a systematic variation of column 
temperature should be considered as one way to 
improve chiral separations in HPLC. From a 
practical point of view it is easier to vary column 
temperatures than mobile phase composition. 
Both the column and the eluent can be thermos- 
tated within a temperature range of, e.g., 0-40°C 
without problems. The change in temperature 
may have unexpected effects, e.g., as for Promi- 
nal, where an improvement in separation is 
obtained by increasing the temperature. With 
oxazepam it was possible to avoid “enantiomeri- 
zation” at lower temperatures. 
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