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Abstract 
The effect of the nature and of the composition eluent on the enantiomer separation of 2,2,2-tritluoro-l-(9- 

anthryl)ethanol (‘RAE) on a chiral stationary phase under HPLC conditions was studied. A series of solvents with 
different properties were examined as the mobile phase. The best enantioselectivity was achieved with pure 
benzene, methylene chloride and carbon tetrachloride. The results obtained are discussed in accordance with the 
three-point interaction model and solvatochromic parameters of the solvents. It is shown that the selectivity of 
enantiomer separation depends mainly on the hydrogen-accepting ability and dipolarity-polarizability parameters 
of the solvent. A simplified model of the retention and separation of TFAE enantiomers is proposed. 

1. Introduction 

Over the last decade there has been a consib- 
erable increase in the number of publications 
dedicated to enantiomer separations by HPLC 
with chiral stationary phases (CSPs). For en- 
antiomer separation there should be at least a 
three-point interaction between the chiral 
bonded selector and the molecule of an optically 
active sample compound. These conditions are 
provided with different silica surface modifiers 
[1,2]. The development of new stationary phases 
remains the main way to improve the enantio- 
selectivity of chromatographic separations [3-51. 
In our opinion, however, the resources of al- 
ready developed CSPs have not been exhausted 
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and can be improved by optimization of the 
mobile phase composition. 

A number of workers have attempted to find 
relationships between enantioselectivity and 
composition of achiral mobile phase in chiral 
phase liquid chromatography [6-91. Most of the 
work has involved binary or tertiary solvent 
systems. Generally, these studies were 
concerned with elucidating the influence of polar 
additives to mobile phase on the enantioselec- 
tivity of separation. Siret et al. [7] found a 
unique reversal of the elution order of enantio- 
mers on changing from hexane-2-propanol to 
hexane-chloroform or hexane-methylene chlo- 
ride mobile phases. A similar result was ob- 
served by Pirkle et al. [9] but for normal- and 
reversed-phase modes. However, the effect of 
the nature of the organic solvent used as a single- 
solvent mobile phase on the separation of enan- 
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tiomers has not been investigated. In this study 
we considered both the influence of polar addi- 
tives in the mobile phase and the nature of 
the organic solvent on the enantioselectivity 
of separation of (R,S)-2,2,2-trifluoro-1-(g-an- 
thryl)ethanol [(R,S)-TFAE] on a quinine- 
bonded chiral stationary phase (CSP). 

2, Experimental 

The measurements were carried out with a 
liquid chromatographic system composed of a 
Beckman (Berkeley, CA, USA) Model 114M 
pump, a Rheodyne (Cotati, CA, USA) Model 
7125 injection valve with a 20-~1 loop and a 
Uvicord S 2238 UV detector (LKB, Bromma, 
Sweden) with 254- and 365nm interference fil- 
ters. The stainless-steel column (250 X 4.0 mm 
I.D.) was slurry packed with quinine-bonded 
silica. The CSP with bonded quinine was pre- 
pared by modification of the surface of silica 
(Silasorb Si 300, 5 pm; Lachema, Bmo, Czech 
Republic) with the triethoxysilyl derivative of 
quinine: 

=Si-QH + (C,H,O),Si(CH,),Quin 

I 
---,&G-Q-Si(CH,),Quin 

I 

where Quin = 

A 10-g amount of silica dried under vacuum at 
200°C was treated with the triethoxysilyl deriva- 
tive of quinine in 100 ml of dry toluene at 100°C 
for 10 h. The modified silica was washed with 
benzene, diethyl ether, ethanol and acetone. The 
sample contained 5.6% C, which corresponds to 
0.5 mmol/m’ of bonded quinine molecules. Part 
of the prepared CSP was treated with tri- 
methylchlorosilane for end-capping residual 
silanol groups. 

Optically pure (S)- and (R)-TFAE isomers 

were purchased from Aldrich (Milwaukee, WI, 
USA). Chromatographic-grade hexane, 2-pro- 
panol, methylene chloride, carbon tetrachloride 
and chloroform (J.T. Baker) and purified ben- 
zene, toluene, o-, m- and p-xylene, bromoben- 
zene, benzonitrile and 1,1-dichlorethane were 
used for mobile phase preparation. The elution 
order of enantiomers was determined on the 
retention of pure (S)- and (R)-TFAE. 

3. Results and discus&n 

Among the most useful CSPs are the “brush- 
type” phases, which consist of a silica matrix 
with covalently bonded chiral groups. Most 
“brush-type” CSPs contains at least three func- 
tional groups required for chiral recognition in 
accordance with Dalgliesh’s work [lo]. For 
quinine this concept is applicable. Quinine and 
TFAE provide a hydroxyl group within the 
molecules suitable for intermolecular hydrogen 
bonding, and they contain aromatic fragments 
for v-7r interactions. These interactions com- 
bined with steric hindrance are responsible for 
the separation of optical isomers of arylalkylcar- 
binols and binaphthols with quinine-type CSPs 
[ll-151. 

3.1. Role of the structure of arylalkylcarbinols 
on retention and enantioselectivity of separation 

Arylalkylcarbinols are the most often investi- 
gated substrates for optical resolution with 
quinine CSPs. The following conclusions have 
been drawn regarding the retention and sepa- 
ration of optical isomers of these compounds. 
First, it has been observed that steric hindrance 
of the alkyl group on the assymmetric centre is 
important for obtaining a good separation factor 
[11,14]. However, the volume of CF,, CH, and 
C,H, substituents on the chiral centre of 
alkylphenylcarbinols can be calculated to be 
insufficient for the appearance of steric hin- 
drance by interaction with quinine residues. 
There was no visible resolution for the corre- 
sponding racemic alkylphenylcarbinols on this 
chiral phase [14]. Second, it has been shown that 
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the donor-acceptor properties of substituents of 
the phenyl rings play an important role. With 
decreasing electron-donating ability of a puru 
substituent on the phenyl ring of carbinols [4- 
CH, Xmsubstituted > 4-Cl > C(CH,),N>4- 
CF, > 3, 4X1,] the capacity factor for the first 
eluted enantiomer increases from 2.3 to 6.8. At 
the same time, the enantioselectivity of sepa- 
ration is slightly changed from 1.05 to 1.10 [14]. 
The replacement of a methyl group with a 
trifluoromethyl group adjacent to the chiral 
centre of carbmols causes an increase in the a 
and k’ values. As concluded, the hydrogen bond 
between the C,-OH group of the bonded quinine 
with the OH group of arylalkylcarbinols remains 
a strong interaction that defines the enantio- 
selectivity of separation. 

3.2. Chiral recognition model of bonded 
quinine to 2,2,2-trijIuoro-I-(9-anthryl)ethanol 

lTAE was chosen for this study because it is a 
well investigated compound; it meets many re- 
quirements for multi-point interactions of selec- 
tor and selectand and has been separated with a 
values between 1.1 and 1.17 using three chiral 
stationary phases containing quinine residues 
covalently attached to the silica surface via 
different routes as a chiral selector [11,12,15]. 
The absorption maximum of TFAE at 320-360 
nm allows mobile phase solvents that are UV 
absorbing up to 280 nm or higher to be used. 

It can be assumed that the retention mecha- 
nism of TFAE on quinine CSPs is similar to that 
for polar compounds on amino-bonded station- 
ary phases in normal-phase LC. There are three 
models, proposed by Snyder and Shunk [16], 
Scott and Kucera [17] and Hennion et al. [18], 
which are applicable for the description of re- 
tention on polar amino-bonded phases. For the 
correct choice one should consider the main 
types of interaction of TFAE isomers with a 
quinine CPS: 

(1) Usually, a “one-to-one” interaction of the 
solute (TFAE) with the quinine moiety of a 
“brush-type” CSP is considered for chiial recog- 
nition. 

(2) A TFAE molecule can displace any num- 
ber of preadsorbed solvent molecules. However, 

with separated enantiomers the distinction in 
retention and enantioselectivity of separation is 
defined by displacement of different numbers of 
solvent molecules that interact with definite 
functional group(s) near the asymmetric centre 
of the CSP. The C,-OH group of bonded quinine 
would be one of them. 

(3) The interaction between TFAE and sol- 
vent molecules can contribute to k’. This inter- 
action may be of some importance for a if 
related to group(s) which is (are) responsible for 
chiral recognition (e.g., the OH group in the 
TFAE molecule). 

The above statements are generally satisfac- 
tory for the model proposed by Hennion et al. 
[18] for the retention of polar solutes on amino- 
bonded phases. This model can be used for a 
description of the retention of TFAE on a 
quinine CSP with hexane-Zpropanol mixtures 
as mobile phase. 

For one of enantiomers of TFAE one can 
propose that the formation of a hydrogen bond 
between the C,-OH group of the quinine residue 
and the OH group of TFAE leads to displace- 
ment of at least one additional molecule of 
preadsorbed 2-propanol in comparison with its 
optical antipode. This leads to a dependence of 
enantioselectivity a on the nature of the mobile 
phase. 

3.3. Znfuence of the nature of the mobile phase 

Several mobile phases have been used for the 
separation of TFAE enantiomers on quinine 
CSPs, e.g., hexane-2-propanol [11,13,15], 
methylene chloride, acetonitrile-methylene chlo- 
ride [12] and benzene [15], and different sepa- 
ration factors were obtained. In order to evalu- 
ate this effect we studied the influence of the 
nature of the mobile phase on the enantioselec- 
tivity of separation by using binary and single- 
solvent mobile phases. 

Binary mobile phases 
In the first step, different binary solvent sys- 

tems consisting of hexane, benzene, carbon 
tetrachloride, toluene and o-, m- and p-xylene 
and with various contents of Zpropanol and 
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methanol were studied as mobile phases. It was 
found (Table 1) that an increase in the alcohol 
content led in all instances to a decrease in the 
retention times of the TFAE isomers and in 
enantioselectivity (Figs. 1 and 2). These results 
confirm that hydrogen bonding between the 
quinine CSP and TFAE is a determining factor 
for enantioselectivity in aprotic solvents. Accord- 
ing to this, a different number of polar solvent 
molecules may be displaced from quinine res- 
idues during the formation of surface diastereo- 
merit complexes. 

As shown in Fig. 3, the plots of log a versuS 
content of 2-propanol for different bulk solvents 
are not straight and are closely related to the 
curve for titration of quinine groups by 2-pro- 
panol in hexane. Fig. 3 shows only one region 
(-log [IP] from 2 to 2.8-3.0) that is approxi- 
mately linear. In this region the hydrogen-bond- 
ing interactions between the solute and quinine 
became stronger with decrease in the 2-propanol 
content. A further decreasing in the polar sol- 
vent content should lead to a convex curve owing 
to the growing contribution to hydrogen bonding 
interactions of traces of water present in the 
organic solvent. The enantioselectivity for pure 
bulk solvents is dependent on their water con- 
tent. For high concentrations of 2-propanol (2- 
5%) the curve is concave. This may be con- 
nected with self-association of 2-propanol mole- 
cules in the mobile phase and stabilization of the 
quinine-Zpropanol associate. 

A similar dependence (Fig. 3) was obtained 
for (Z?, S)-#l,&binaphthol and hexane-Zpro- 
panol mobile phases with various contents of the 
polar constituent. It should be mentioned that in 
accordance with NMR investigations [19], the 
hydrogen bonding is the dominant interaction in 
the chiral recognition of /3&binaphthol with 
bonded quinine. 

Dobashi et al. [8] investigated the retention 
mechanism and the role of hydrogen bonding in 
the separation of enantiomers of iV-acetyl-n,L- 
leucine O-methyl ester on a diamide-bonded L- 

valine chiral stationary phase. The calculated 
values of log a for hexane-2-propanol mobile 
phases show a similar dependence (Fig. 3) as 
obtained for TFAE and P,&binaphthol with 

quinine CSPs. The chiral recognition of the 
diamide CSP-N-acetyl-n,L-leucine O-methyl 
ester is connected with stronger hydrogen-bond- 
ing interactions than for the TFAE-quinine CSP 
system, so the “titration curve” of log a vemw 
NIP was observed at higher concentrations of 
2-propanol in hexane. It should be noted that the 
hydrogen bonding was also the main interaction 
for the diamide-bonded L-vahne CSP. 

On replacement of hexane with other non- 
polar organic solvents, e.g., benzene or carbon 
tetrachloride, the character of the log a-NIP 
relationship does not change significantly (Fig. 
3). A similar dependence of log a as a function 
of 2-propanol content was obtained. 

The nature of the polar additive to the mobile 
phases remains important. Stuurman et al. [12] 
investigated the intluence of the type of alcohol 
and water as polar additives to the mobile phase 
on the retention and separation of TFAE. There 
was no significant difference between 2-pro- 
panol, tert.-butanol and 1-pentanol, and a slight 
decrease of retention and selectivity was noted 
for methanol as additive. The influence of water 
was the same as for the addition of alcohols. The 
author’s conclusion [12] about the weak competi- 
tion of polar additives (alcohols, water) with (R)- 
and (S)-TFAE for interaction sites of quinine 
residues is not, however, in good agreement with 
our results. 

Single-solvent mobile phases 
One could propose that the separation factor a 

should be increased signi&mtly when pure a- 
protic solvents are used as mobile phases. There- 
fore, it was of interest to compare the effects of 
pure solvents with different properties and 
polarities on chiral recognition and enantioselec- 
tivity. Different solvents were investigated as 
mobile phases for the separation of (R)- and 
(S)-TFAE on the quinine-bonded CSP. The 
characteristics of the chosen solvents are summa- 
rized in Table 2. 

The data in Table 3 show enantioselectivity for 
(R,S)-TFAE, confirming the supposition that the 
hydrogen donor-acceptor ability of a pure sol- 
vent is an important part of chiral recognition 
with a quinine CSP. The retention times of the 
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Influence of 2-propanol content on retention and separation of (S)- and (R)-TFAE 

Solvent 2-Bropanol 
content (%, v/v) 

k; Ilk; (I 

Benzene 

Toluene 

o-Xylene 

m-Xylene 

p-Xylene 

Bromobenxene 

Carbon 
tetrachloride 

Carbon 
tetrachloride 

0.5 

1.0 

2.5 

5.0 

10.0 

20.0 

0 

0.1 
0.2 
0.4 
0.5 
1.0 
2.0 

0 
0.2 
1.0 

0 
0.2 

0 
0.2 
1.0 

0 
0.2 
1.0 

0.2 

0 
0.1 
0.2 
0.4 
1.0 
2.0 
5.0 

0.1’ 
0.2 
0.5 
1.0 

17.99 
(13.%) 

8.01 
(6.33) 
3.93 

(2.29) 
1.72 

(1.23) 
0.87 

(0.62) 
0.58 

(00::) 
0.13 

(0.16) 
0.26 

(0.44) 
0.58 

(0.81) 
1.14 

(1.61) 
1.73 

1.10 
(1.10) 

(::“,) 

(::FYq 

,:g 
1.03 

(1.02) 
_b 

2.80 0.36 1.46 
2.67 0.37 1.42 
1.57 0.64 1.35 
1.21 0.83 1.24 
1.13 0.89 1.25 
O.% 1.02 1.23 
0.57 1.75 1.20 

1.36 0.74 1.28 
1.03 0.97 1.23 
0.86 1.16 1.17 

1.74 0.57 1.26 
1.10 0.91 1.20 

2.00 0.50 1.35 
1.22 0.85 1.25 
0.88 1.14 1.22 

1.44 0.69 1.26 
1.22 0.82 1.22 
0.88 1.14 1.18 

1.17 0.86 1.10 

15.04 0.07 1.53 
14.21 0.07 1.39 
8.56 0.12 1.28 
4.69 0.27 1.19 
1.89 0.52 1.13 
0.93 1.07 1.09 
0.49 2.04 1.0 

14.36 0.07 1.32 
10.72 0.09 1.22 
4.78 0.21 1.09 
2.31 0.43 1.04 

EData obtained with undried hexane. 
*No resolution of peaks. 
‘MethanoLwas used as a polar component. 
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Fig. 1. Plot of l/k; of (R)-TFAE versus concentration of 2-propanol in (A) hexane, (A) benzene and (e) carbon tetrachloride. 
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Fig. 2. Plot of the enantioselectivity a of (R,S)-TFAE versus 
the content of 2-propanol in (1) benzene, (2) toluene, (3) 
carbon tetrachloride and (4) hexane. 

weakly retained enantiomer of TFAE are not in 
a good agreement with the polarity of the chosen 
solvents. Thus, k; values of 0.41 and 11.91 were 
observed respectively; with dibutyl ether (P = 
1.65) and carbon tetrachloride (P = 1.56), the 
corresponding values of (Y are 1.00 and 1.53, 
respectively. The correlation of enantioselectiv- 
ity with solvent selectivity parameters was car- 
ried out to obtain a better understanding of the 
results obtained and optimization of the mobile 
phase. 

Two scales are mainly used to classify solvent 
properties in liquid chromatography. The first 
and most common is the Snyder solvent triangle 
[21] and the other is the solvatochromic scale of 
Kamlet et al. [22]. Both of them characterize 
hydrogen donor-acceptor ability and dipolarity- 
polarizability properties of solvents. It should be 
noted that a good correlation has been estab- 
lished between the solvent triangle and sol- 
vatochromic scales of solvent strength and selec- 
tivity [21]. 

The solvatochromic scale of Kamlet et al. 
includes the parameters r, (r, p and 6, describing 
the solvent dipolarity-polarizability, hydrogen 
bond acidity, hydrogen bond basicity and the 
polarizability correction factor, respectively. The 
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Fig. 3. Plot of log u versus log (content of polar solvent in 
the mobile phase). Stationary phases: (1) diamide-r;valine 
CSP and (2-S) quinine CSP. Solutes: (1) N-acetyl-o,L- 
leucine O-methyl ester, (2-4) (R,S)-TFAE and (5) (R,S)-@, 
&binaphthol. Mobile phases: (1,4,5) hexane-2-propanol, 
(2) benzene-2-propanol and (3) carbon tetrachloride-Zpro- 
panol. Curve 1 was calculated from literature data [8]. 

values of these parameters are presented in 
Table 2. The polarizability correction term 6 is 
zero for non-chlorinated alyphatic solvents, 0.5 
for polychlorinated aliphatics and 1.0 for aro- 
matic solvents. The correlations of enantioselec- 
tivity with the corresponded solvatochromic pa- 
rameters are presented in Fig. 4. 

Often these solvent parameters are used as 
linear energy parameters in an LSER (linear 
solvation energy relationship) [21]. Following the 
above reasoning and in accordance with previous 
results [21]: 

a=a,+slr+acu*+bp+dtl (1) 

The corresponding strong correlation of enantio- 

Table 2 
Solvatochromic parameters of solvents used as mobile phases 

Solvent Solvatochromic parameters’ [22] 

S u* B 

Hexane -0.04 
Benzene 0.59 0 0.10 
Tol&ne 0.55 0 0.11 
Ethylbenxene 0.48 0.12 
m-Xylene 0.47 0 0.13 
p-Xylene 0.51 0 0.12 
Methylene chloride 0.82 0.30 0 
Chloroform 0.58 0.44 0 
Ethylene dichloride 0.81 0 0 
Carbon tetrachloride 0.28 0 0 
Dibutyl ether 0.24 0 0.46 
2Propanol 0.48 0.76 0.95 
Bromobenxene 0.79 0 0.06 
Benxonitrile 0.90 0 0.41 

“m = Dipolarity and polarixabiity; a* = hydrogen bond 
donating acidity; p = hydrogen bond accepting basicity. 

selectivity with ?I, (Y*, j3 and S observed for 
TFAE is 

cy = 1.54 + 0.137r - 0.67a* - 1.24/3 - 0.166 (2) 

n = 10, r = 0.886, F value = 4.57, significance = 
0.063. The values of the parameters indicate that 

Table 3 
Effect of the nature of the solvents on the enantioselectivity 
of the separation of (S)- and (R)-TFAE 

No. Mobile phase P [21] k; k; a 

1 Benzene 3.19 2.80 4.09 1.46 
2 Toluene 2.68 1.36 1.74 1.28 
3 Ethylbenzene 1.65 1.87 1.14 
4 o-Xylene 1.74 2.19 1.26 
5 m-Xylems 2.00 2.70 1.35 
6 p-Xylene 2.55 1.44 1.81 1.26 
7 Dichloromethane 4.29 0.80 1.14 1.43 
8 Chloroform 4.31 0.41 0.52 1.19 
9 Carbon tetrachloride 1.56 15.04 23.01 1.53 

10 Dichloroethane 0.26 0.40 1.50 
11 Dibutyl ether 1.65 0.41 0.41 1.00 

Hexane-dichloromethane 8.17 11.36 1.39 
(60:40) 

Hexane-benxonitrile 1.74 1.81 1.04 
(80:20) 
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Fig. 4. Plot of enantioselectivity (a) versus solvatochromic parameters of organic solvents used as mobile phases. The numbering 
of the points for different solvents corresponds to those in Table 3. 

a dipolarity-polarixability parameter was respon- 
sible for the separation of (R,S)-TPAE on the 
quinine CSP. Generally, it should be noted that 
the best enantioselectivity was achieved for sol- 
vents with weak hydrogen donor-acceptor abili- 
ty (a, /3) and high dipolarity-polarixability prop- 
erties (T). The value of the free term 1.54 in 
eqn. 2 is equal to the hypothetical enantioselec- 
tivity in pure hexane. 

The multiple linear regression analysis of the 

data obtained could be of more significance. 
Unfortunately, there were insufficient data for a 
representative analysis owing to the limited num- 
ber of available organic solvents with known 
selectivity parameters and appropriate eluting 
power. 

In practice, the use of non-polar and aprotic 
mobile phases in the absence of polar admixtures 
considerably increased the enantioselectivity for 
(R,S)-TPAE on a CSP with bonded quinine. The 
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R(*) 

1 

0 8 16 min 

Fig. 5. Chromatographic separation of (I?)- and (S)-TFAE 
on the quinine CSP. Mobile phase, carbon tetrachloride; 
flow-rate, 1 ml/mitt; UV detection at 365 nm. 

best separation was achieved with carbon tetra- 
chloride as mobile phase (Fig. 5). 

This approach of correlating solvent charac- 
teristics could be useful for other CSPs that are 
thought to bind significantly via a hydrogen- 
bonding mechanism. A similar dependence of 
the enantioselectivity on the nature of solvent 
has already been observed in a study of 
asymmetric catalysis using alkaloids (quinine, 
ephedrine) covalently bonded to silica gel as a 
catalyst in the Michael reaction between conju- 
gated cycloalkenones and aromatic thiols [23]. 

4. Conclusions 

The solvent-induced effect on the chiral recog- 
nition of (R,S)-TFAE by a quinine CSP seems to 
be of great importance. The enantioselectivity is 
optimum with weakly polar, aprotic solvents as 
mobile phases. The presence of polar compo- 
nents in the mobile phase might change the 
enantioselectivity significantly. The results ob- 
tained confirmed the priority of the formation of 
a hydrogen bond between the chiral analyte 

TFAE and bonded quinine as CSP. The optimi- 
zation of the mobile phase composition can be 
considered as an important means of improving 
the enantioselectivity of separation on other 
chiral stationary phases but with dominant hy- 
drogen-bonding interactions for chiral recogni- 
tion. 
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