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Abstract

A chiral stationary phase (CSP) based on (+)-(18-crown-6)-2,3,11,12-tetracarboxylic acid has been successfully employed in the liquid
chromatographic resolution of elev@ablockers containing a secondary amino functional group. As the result of an effort to find out the
optimal mobile phase condition, the mixture of trifluoroacetic acid—triethylamine—ethanol-acetonitrile with the ratio of 0.1/0.5/20/8) (v/v/v/
was concluded to be the best mobile phase condition, the sepatgtenmi(the resolution factor&§) for the resolution of 1B-blockers being
in the range of 1.13-1.85 and 1.36-5.79, respectively. Surprisingly, in contrast to the resolution of other racemic compounds containing a
primary amino functional group, the separation facta)$gr the resolution op-blockers were observed to improve as the column temperature
increased and these unusual chromatographic behaviors were rationalized as the entropically controlled enantioselectivity.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction B-amino acid$4—6], a-amino acid derivativegt,7], racemic
amines, racemic amino alcoh@®, racemic fluoroquinolone
(+)-(18-crown-6)-2,3,11,12-tetracarboxylic adi¢Fig. 1), antibacterial$3,9,10]and aryla-amino ketone§l1].
which was first prepared by Lehn and coworkgl has Even though the chiral recognition mechanism is still
been successfully utilized as an effective chiral selector controversial, it has been generally accepted that the proto-
of liquid chromatographic chiral stationary phases (CSPs). nation of the primary amino functional group of analytes in a
For example, Machida and coworkers developed a CSP bymobile phase containing a certain amount of acidic modifier
bonding (+)-(18-crown-6)-2,3,11,12-tetracarboxylic adid  and the complexation of the resulting primary ammonium
to 3-aminopropylsilica gel in the presence of coupling agent ion (R-NHsz") of analytes inside the cavity of chiral crown
EEDQ (2-ethoxy-1-ethoxycarbonyl-1,2-dihydroquinolone) ether ring of the CSP are essential for the chiral recognition
[2]. We also developed a structurally well defined [12,13]except forthe chiral resolutionsin gas phisg15]
CSP (CSP2) by bonding (+)-(18-crown-6)-2,3,11,12- Consequently, liquid chromatographic chiral resolutions on
tetracarboxylic dianhydride derived from (+)-(18-crown-6)- crown ether-based CSPs have been generally performed with
2,3,11,12-tetracarboxylic acitlto 3-aminopropylsilica gel = amobile phase containing a certain amount of acidic modifier
[3,4]. CSP2 was very successful in the resolution of var- and applied only in the resolution of primary amino com-
ious racemic primary amino compounds includimgand pounds. Actually, the resolution of racemic secondary amino
compounds on crown ether-based CSPs has been thought to
"« Corresponding author. Fax: +82 51 516 7421, be impossible. However, recently, Steffeck and coworkers
E-mail addressmhhyun@pusan.ac.kr (M.H. Hyun). reported the first separation of the enantiomers of racemic
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Fig. 1. Structures of (+)-(18-crown-6)-2,3,11,12-tetracarboxylic &add CSF2.

secondary amino compounds on crown ether-based CSP<olumn was controlled by using a Julabo F30 Ultratemp 2000
using CSP2 [16]. In their short communication report, Stef-  cooling circulator. Chiral column (150 mm4.6 mm 1.D.)
feck and coworkers briefly demonstrated that five racemic packed with CSR were available from previous studti/1].
secondary amino compounds including f@dblockers such Among theB-blockers used in this stud¥ig. 2), nonspe-
as albuterol, atenolol, pindolol and propranolol show some cific -blockers 8-6) andB1-blockers ¢, 8) were provided
resolution on CSR. However, during our efforts to extend by Dr. Welch when he was a research scientist at Regis
the use of CSR to the resolution of othep-blockers, we Chemical Company (Morton Grove, lllinois, USA) and all
found that the mobile phase condition reported by Steffeck B2-blockers 9-13) were obtained from the Laboratory of
and coworkers was not applicable to the resolution of sev- Medicinal Chemistry, Shenyang Pharmaceutical University,
eral othe-blockers. Consequently, more widely applicable China. Methanol, ethanol, isopropanol and acetonitrile were
mobile phase condition should be explored for the resolution of HPLC grade from Fisher Scientific Korea Ltd. Acetic acid
of variousB-blockers on CSR. and triethylamine of super purity were purchased from Jusei
B-Blockers have been widely used to control pulmonary Chemical Co., Ltd. (Japan). All solvents were filtered through
disease, hypertension, heart failure, migraine headaches and 0.45.m filter and degassed before use.
angina pectori§17,18] Especially, the $-enantiomers of Each of 3-blockers shown inFig. 2 was dissolved in
B-blockers have been known usually more potent than the methanol (usually 1.0 mg/ml) and then used for the resolution
(R)-enantiomerq19]. Moreover, it has been reported that on CSP2. The usual injection volume was 2u0.
some R)-enantiomers are toxic and present undesirable side
effectd20]. Inthisinstance, the separation of the enantiomers
of B-blockers on CSR is of great importance because this 3. Results and discussion
method can provide the very valuable means in the exact
determination of the enantiomeric compositiofsdblockers
even though Pirkle-type CSIF&L,22], polysaccharide-based
CSP423], macrocyclic antibiotic-based CS=1-26] and
other CSP$27] have been previously utilized in the liqui
chromatographic resolution @tblockers. However, the use

In this study, we tried to resolve eleven analytes includ-
ing four nonspecifi@3-blockers 8-6), two B1-blockers ¥,
8) and fiveB2-blockers §-13) shown inFig. 2 on CSP2.
d Asafirstattempt, we tried to resolve analyged3on CSP
2 with the use of usual aqueous mobile phases (for exam-

of CSP2 in the resolution oB-blockers was limited to only ple, 50% methanol in Wat?,r +1QmM sulfuric.acid), WhiCh,
four B-blockers as mentioned above. In this study, we wish have been successfully utilized in the resolution of racemic

to find out an improved mobile phase condition for the res- pr|g1ary_am|nlo chorrpounds such asarr]nlno acu?js, amines
olution of B-blockers on CSR and extend the use of CSP an Iamlnohaco _O_@_S]' However, t Ie (sjecon”ary amino

2 to the resolution of a wide variety @-blockers including ~ analytes shown ifkig. 2were not resolved at all on CSP

Bi-, B2- and nonspecifi@-blockers. In addition, we wish with the use of usual agueous mobile phase. Consequently,

to report the unusual temperature effect for the resolution of a? a SFand"’_‘(;d' \_/vehslele(?ted onehmot?lle phas.e,_lthe_rﬂlxr:ure
B-blockers on CSR. of acetic acid-triethylamine—methanol-acetonitrile with the

ratio of 0.1/0.1/50/50 (v/v/iviv), which was originally utilized

by Steffeck and coworkers in the resolution of f@dblockers
2. Experimental (albuterol, atenolol, pindolol and propranolfd$]. And then,

we tried to find out improved mobile phase condition from

Chromatography was performed with an HPLC system the trends of resolution behaviors observed with the variation

consisting of a Waters model 515 HPLC pump, a Rheodyne of mobile phase composition from the standard.
model 7725i injector with a 20l sample loop, a YoungLin First of all, in order to find out the effect of the ratio
M720 Absorbance detector (variable wavelength) and a of methanol-acetonitrile in mobile phase, we resolved the
YoungLin Autochro Data Module (Software: YoungLin analytes shown ifrig. 2on CSP2 with the variation of the
Autochro-WIN 2.0 plus). The temperature of the chiral ratio of methanol-acetonitrile in mobile phase at the constant
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Fig. 2. Structures of-blockers3-13 used in this study.

ratio of acetic acid—triethylamine (0.1/0.1, v/v) and the chro- slightly increase in general. However, the retention factor

matographic resolution results are summarizedable 1 (k1) increases significantly as shownTable 1 When the

As the content of methanol in mobile phase decreases frommethanol content was decreased further, the retention time
50 to 20%, the separatior) and the resolution factoRg) was too long to be useful. As the content of protic polar
Table 1

Resolution of3-blockers3-13 on CSP2 with the variation of methanol content in acetonitrile as mobile phase at the constant ratio of acetic acid—triethylamine
(acetic acid—triethylamine—methanol-acetonitrile, 0. 1Q100— X, v/v/viv)2

B-Blocker x=50 x=35 x=20
kq o Rs ki o Rs kq o Rs

3 20.93 107 110 3623 108 112 4058 109 119
4 16.47 106 108 2851 107 114 3411 108 123
5 2731 109 135 4727 110 142 5318 111 147
6 34.50 109 150 5931 111 148 8490 112 150
7 2130 108 133 3687 109 135 5288 110 133
8 2871 106 095 4970 108 095 7928 109 092
9 1322 106 Q078 2385 110 106 3117 112 133
10 27.56 103 025 4683 106 090 6242 107 103
11 30.23 100 5233 100 6840 100

12 5142 100 8901 102 16922 102

13 2353 103 042 4073 106 088 5008 108 111

2 Flow rate: 1.0 ml/min. Detection: 254 nm UV. Temperature?@0k;, retention factor of the first eluted enantiomey;separation factoiRs, resolution
factor.
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solvent in mobile phase decreases, mobile phase-analytdrifluoroacetic or formic acid was used instead of acetic
interaction is inferred to decrease because of the decreasedcid as an acid additive in mobile phase, the separatipn (
hydrogen bonding interaction between the protic polar sol- and the resolution factordR§) were improved quite much
vent and analytes. In this instance, the retention time shouldalong with some degree of increase of retention factors
increase as the methanol content in mobile phase decreasegk;). Between the two acids, trifluoroacetic acid was slightly
The effect of the variation of the acetic acid—triethylamine better than formic acid in terms of separatier) @nd the
ratio in mobile phase on the chromatographic behaviors for resolution factors Rs). The examples for the resolution
the resolution off3-blockers on CSP2 was examined by  of B-blockers on CSF2 with the use of a mixture of
increasing or decreasing the acetic acid or the triethylaminetrifluoroacetic acid—triethylamine—methanol-acetonutrile as
content from the standard ratio of acetic acid—triethylamine mobile phase are included fable 2 As shown inTable 2
(0.1/0.1, v/v) in mobile phase. In addition, the effect of the the use of trifluoroacetic acid instead of acetic acid improved
use of other acids instead of acetic acid and the use of otherthe separatiorny) and the resolution factorf§) quite much.
amines instead of triethylamine in mobile phase on the chro- For example, clenpropdll has not been resolved at all with
matographic behaviors for the resolution blockers on the use of acetic acid as an acid additive in mobile phase.
CSP2 was also examined. However, it was resolved with the use of trifluoroacetic
Increasing the content of acetic acid or triethylamine from acid as an acid additive in mobile phase. Considering the
the standard ratio of acetic acid—triethylamine (0.1/0.1, v/v) in retention time of analytes, the best ratio of trifluoroacetic
mobile phase decreases the retention facta)guite much. acid-triethylamine in mobile phase was concluded to be
In contrast, decreasing the content of acetic acid and/or tri- 0.1:0.5 (v/v).
ethylamine in mobile phase increases the retention factors By decreasing the content of methanol in mobile phase,
(k1) very much. A part of the chromatographic resolution we were able to slightly increase the separatiah g§nd
behaviors observed with the variation of the content of acid- the resolution factorsRs) as shown inTable 1 However,
triethylamine in mobile phase are includedriable 2 At the decreasing the content of methanol further than 20% in
higher content of acetic acid and/or triethylamine in mobile mobile phase was useless because of the too long retention
phase, the ionic strength of mobile phase should increase.of analytes. As an alternative to decrease the protic polar
In this instance, the interaction between the mobile phaseproperty of the component of mobile phase, methanol, we
and analytes is expected to increase and consequently, théried to use ethanol or 2-propanol, expecting the improved
retention of analytes should decrease at the higher contentesolution results. As shown iffable 3 when ethanol
of acetic acid and/or triethylamine. The separatiehdnd or 2-propanol was used as a polar protic component of
the resolution factordRs) were found to show the increasing mobile phase instead of methanol at the constant ratio of
trends except for a few cases when the content of triethy- trifluoroacetic acid—triethylamine (0.1/0.5, v/v), the sepa-
lamine in mobile phase increases while no significant trends ration ) and the resolution factordR§) were improved
were observed when the content of acetic acid in mobile phaseas expected. When 2-propanol was used, the separation
increases. (o) and the resolution factorsR§) were improved more
When diisopropylethylamine was used as an amine addi-than when ethanol was used. However, the retention fac-
tive in mobile phase instead of triethylamine, the retention tors ki) were always increased too much when 2-propanol
time of analytes was too long to be useful. However, when was used as a polar protic component of mobile phase. In

Table 2
Resolution of3-blockers3-13 on CSP2 with the variation of the ratio of acetic or trifluoroacetic acid—triethylamine in mobile phase (acetic or trifluoroacetic
acid-triethylamine—methanol-acetonitriiéy/20/80, v/v/vIv}

B-Blocker  Acetic acid:triethylaminex(y) Trifluoroacetic acid:triethylaminex{y)
xy=0.1:0.1 xy=0.1:0.25 xy=0.1:0.5 xy=0.1:0.25 xy=0.1:0.5
ky o Rs kq o Rs ky o Rs ki o Rs kq o Rs

3 4058 109 110 2612 113 146 1542 115 168 5824 123 263 2240 122 259
4 3411 108 123 2195 111 161 1310 113 168 4518 122 240 1841 121 269
5 5318 111 147 3488 115 200 2017 117 211 7770 124 343 2923 124 300
6 8490 112 150 6052 117 205 3788 120 200 13149 124 267 5643 125 282
7 5288 110 133 3533 114 194 2102 116 133 7399 126 345 2971 125 294
8 7928 109 092 5128 114 145 3034 115 165 10989 121 192 4269 120 142

9 3117 112 133 1974 120 135 1168 123 167 4493 157 452 1720 155 462
10 6242 107 103 4362 112 137 2757 114 136 9665 142 457 4127 138 411
11 6840 100 4306 100 2480 100 9645 108 120 3632 106 071
12 16922 102 8166 107 067 3801 108 085 20021 120 205 5642 118 180
13 5008 108 111 3462 114 156 2165 116 174 8172 147 581 3305 143 471

@ Flow rate: 1.0 ml/min. Detection: 254 nm UV. Temperature?@0k;, retention factor of the first eluted enantiomey;separation factoiRs, resolution
factor.



D. Zhang et al. / J. Chromatogr. A 1083 (2005) 89-95 93

Table 3
Resolution of3-blockers3—-13on CSP2 with the variation of the type of alcohol component in acetonitrile as mobile phase at the constant ratio of trifluoroacetic
acid-triethylamine-alcohol component-acetonitrile (0.1/0.5/20/80, vi#v/v)

B-Blocker Methanol Ethanol 2-Propanol
k1 o Rs kq o Rs ki o Rs

3 2240 122 259 2935 126 212 4182 131 248
4 1841 121 269 2461 122 229 3476 129 249
5 2923 124 300 3859 128 305 5400 135 328
6 56.43 125 282 8338 131 267 12645 140 286
7 2971 125 294 4560 129 290 7461 135 280
8 42.69 120 142 67.30 127 187 11221 131 264
9 17.20 155 462 2252 185 421 3277 225 493
10 41.27 138 411 5361 159 437 7352 187 546
11 36.32 106 071 4861 113 158 6828 119 217
12 56.42 118 180 9808 123 136 19844 130 168
13 3305 143 471 4307 164 579 6087 191 6.62

2 Flow rate: 1.0 ml/min. Detection: 254 nm UV. Temperature;@0k;, retention factor of the first eluted enantiomey;separation factorRs, resolution
factor.

this instance, we concluded that the best mobile phase for The characteristics of the separation factefswith the
the resolution off-blockers on CSR2 is the mixture of variation of the column temperature can be rationalized based
trifluoroacetic acid-triethylamine—ethanol-acetonitrile with on the plots of the natural logarithm of the retention factors
the ratio of 0.1/0.5/20/80 (vIivVIVIV). (K) of the two enantiomers or the separation factdgainst

The most interesting part for the resolution@blockers the reciprocal of absolute temperature (known as van't Hoff
on CSP2is the effect of the column temperature on the chro- plot) [8,29,30] The relation associated with the separation
matographic resolution behaviors. The effect of the column factors ), the retention factors] of the two enantiomers
temperature on the resolution pfblockers on CSR was and the thermodynamic parameters for the separation of two
investigated with selected fivg-blockers 4, 5, 9, 11 and enantiomers on a CSP is expressed by the following Egs.
13) and the chromatographic behaviors with the variation (1)—(4), where the subscripts 1 and 2 correspond to the first

of the column temperature are summarizediable 4 As and the second eluted enantiomer respectijgidy-34]
shown inTable 4 the retention factorsk{) decrease quite ks

much as the column temperature increases. At higher tem-AAG = AGo2 — AG1 = —RTIna = —RTIn — Q)
perature, the rate of equilibration for the formation of the two ky

diasteremeric complex should increase and consequently theAAG = AGy — AG1 = (AH> — TAS»)
two chromatographic peaks become sharper. In this instance,

the retention factorsk{) should decrease and the resolution —(AH1—TAS)) = AAH —TAAS @
factors Rgs) increase as the column temperature increases as

shown inTable 4 However, the trends of separation factors |, — —AH, + AS2 +In¢

(«) with the variation of column temperature are quite sur- RT R

prising. In every case for the resolution of primary amino —AH1 AS

compounds on crown ether-based CSPs, separation factorgn ky = RT + R ting ®)
(o) have been reported to decrease as the column tempera-

ture increas¢5,6,8—11,28] In contrast, for the resolution of |ny = —AAH + AAS (4)
B-blockers containing a secondary amino group on @SP RT R

the separation factora)increase as the column temperature However, it should be noted that the retentinand sep-
increases as shown irable 4 aration factors ¢) include the contributions coming from

Table 4
Resolution of selectedB-blockers on CSP 2 with the variation of column temperature at the constant ratio of trifluoroacetic
acid-triethylamine—ethanol-acetonitrile (0.1/0.5/20/80, v/viv/v)

B-Blocker 10°C 20°C 30°C 40°C

ki o Rs ki o Rs ki o Rs ki o Rs
4 29.16 121 226 2461 122 229 1969 125 262 1594 126 335
5 46.58 127 223 3859 128 305 3010 129 312 2423 130 343
9 2891 172 4.00 2252 185 421 1877 187 425 1512 190 546
11 60.51 110 078 4861 113 158 3704 115 165 2940 116 212
13 53.75 162 476 4307 164 579 3288 169 624 2587 170 741

2 Flow rate: 1.0 ml/min. Detection: 254 nm UM, retention factor of the first eluted enantiomeyseparation factoiRs, resolution factor.
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both non-enantioselective and enantioselective interactionstemperature region normally used for liquid chromatography
between the CSP and analyt@1-37] In this event, the [30] and consequently the separation factafsfér the res-
apparent separation factors are always less than the intrin-olution of most racemic analytes on CSPs increases as the
sic separation factors. Consequently, the direct calculationcolumn temperature decreases.
of the thermodynamic parameters according to the above In contrast, above the isoelution temperature (left part
equations from experimental values of the retentigrafd from the intersect point of the two linesBig. 3), enantiomer
separation factorse at different temperatures might lead 1 is retained longer than enantiomer 2 (namely, the elution
to erroneous results. However, the non-eanatioselective andbrder is changed) and both the enthalpy differense& i,
enantioselective contributions are not easy to sep§saie AHenantiomert — AHenantiomer2) @nd the entropy difference
and consequently, the relation associated with the separatiofAAS, ASenantiomers — ASenantiomer2) are positive. In this
factors () and the thermodynamic parameters for the sepa- instance, the negativé AG value originated from the posi-
ration of two enantiomers on a CSP is usually described by tive entropy difference4 AS) should increase as the column
the above equatiorj84]. temperature increases. At this point it should be noted that
Model van't Hoff plots of the retention factork)(of the the change of sign oA AH and AASbelow and above the
two enantiomers against the reciprocal of absolute tempera-isoelution temperature is based on the definition of the sep-
ture for the separation of enantiomers on a CSP are shown inaration factor ¢), namelyx = (large retention factor)/(small
Fig. 3. In the plots offig. 3 the slope of each line is related retention factor). However, under the circumstance that the
to the enthalpy € AH/R) of adsorption and the intercept is separation factoro is defined as (retention factor of enan-
related to the entropyASR) associated with adsorption of tiomer 2)/(retention factor of enantiomer 1) both below and
the enantiomer according to the &) [30,31] If the two above the isolution temperature, the sigmofhH andAAS
lines inFig. 3are parallel with each other (the slopes of the should be not changed and the signfoAG changes from
two lines are equal), the free energy differente&\G) should negative to positive as the temperature changes from below
be constant with the variation of the column temperature for to above the isoelution temperature.
the adsorption of the two enantiomers and consequently the Especially for the resolution @-blockers on CSR, the
separation factora) should be constant. However, in gen- isoelution temperature seems to be casually very low and
eral, thetwo lines intersect at a certain temperature (isoelutionbelow the usual liquid chromatographic temperature region.

temperature), where the free energy differencA ) is zero
(atthis temperature th® AH term exactly negates theATAS

Consequently the separation facta) ¢elated to the nega-
tive AAG value should increase as the column temperature

term) and the separation of enantiomers is not observed.increases.

Below the isoelution temperature (right part from the inter-

sect point of the two lines iRig. 3), enantiomer 2 is retained

The thermodynamic parameters for the resolution of
selected fivep-blockers 4, 5, 9, 11 and 13) on CSP2

longer than enantiomer 1 and both the enthalpy difference were calculated based on the plots of the natural logarithm

(AAH, AHenantiomer2 — AHenantiomers) @and the entropy _dif'
ference AAS, AScnantiomer2 — ASenantiome1) are negative.

Overall, AAG value is negative below the isoelution tem-

perature and the negativeAG value originated from the

of separation factorof) against the reciprocal of absolute
temperature. All of the fiv@-blockers shown ifable 4were
found to show similar trends in their van't Hoff plots and one
example of van't Hoff plot for the resolution of propranotol

negative enthalpy differenc&(AH) increases as the column on CSP2 is presented ifrig. 4 Thermodynamic parameters
temperature decreases. This means that the separation factaalculated from the van’t Hoff plots for the resolution of
(«) increases as the column temperature decreases. In genselected fivgd-blockers on CSR are summarized ifiable 5
eral, the isoelution temperatures are typically well above the As shown inTable § both theAAH and AAS values are
positive and consequently the negatieAG values are

In /\'2 027 r
In &

In &

=
[ o
<o

3.10 3.30 340 3.50 3.60

T X 10°

T increase T decrease
Fig. 4. A representative van't Hoff plot betweendrand 1T x 10° for the
resolution of propranoldb on CSP2 with the chromatographic condition

given inTable 4

Fig. 3. A model van't Hoff plot between Ik and 17T for the separation of
two enantiomers (enantiomer 1 and enantiomer 2) on a CSP.
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