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Abstract

The chiral recognition capabilities of three macrocyclic glycopeptide chiral selectors, namely teicoplanin (Chirobiotic T),
its aglycone (Chirobiotic TAG) and ristocetin (Chirobiotic R), were evaluated with supercritical and subcritical fluid mobile
phases. A set of 111 chiral compounds including heterocycles, analgesics (nonsteroidal antiinflamatory compounds),
B-blockers, sulfoxidesN-protected amino acids and native amino acids was separated on the three chiral stationary phases
(CSPs). All separations were done with an outlet pressure regulated at 100 b@raBd at 4 ml/min. Various amounts of
methanol ranging from 7 to 67% (v/v) were added to the carbon dioxide along with small amounts (0.1 to 0.5%, v/v) of
triethylamine and/or trifluoroacetic acid. The Chirobiotic TAG CSP was the most effective closely followed by the
Chirobiotic T column. Both columns were able to separate, partially or fully, 92% of the enantiomers of the compound set.
The ristocetin chiral selector could partially or baseline resolve only 60% of the enantiomers tested. All separations were
done in less than 15 min and 70% were done in less than 4 min. The speed of the separations is the main advantage of the
use of SFC compared to normal-phase HPLC. In addition, SFC is advantageous for preparative separations with easy solute
recovery and solvent disposal.
0 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction Klesper et al. in 1962 [1]. The advantages of
supercritical fluids are numerous: reduced viscosity
The use of supercritical fluids as eluents for giving low pressure drop and allowing high flow-
chromatographic separations was first proposed by rates or long columns, high solute diffusion co-

efficients giving fast mass transfer and high ef-

- ficiency, ease of disposal and solute recovery in
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chromatography (SFC) [2]. It was rapidly realized
that the polarity of supercritical CO was similar to
pentane. It was necessary to add significant amounts
of polar solvents to the CO eluent to obtain a useful
solvent strength. These solvent additions greatly
limited the advantages of pure GO , and the use of
capillary SFC never became a mainstream method.

useful in the chiral separation of native amino acids

[10-12], food flavors [13], reagents and catalysts
advertized as being enantiomerically pure [14,15],
and a wide variety of compounds of various
polarities [16—18]. Macrocyclic antibiotic columns
were used with SFC mobile phases. A vancomycin
based CSP was able to separate the enantiomers ©

With the increased environmental concerns, SFC B-adrenergic blocking agents and other pharmaceu-

with packed columns recently saw a rebirth as a
potential replacement for normal-phase liquid chro-
matography [3]. The use of packed-column SFC
grew relative to capillary SFC, which also had
limited sample capacity and lacked preparative capa-
bilities. Instrumentation for packed-column SFC was
made more reliable using many of the same com-
ponents as traditional liquid chromatography (LC)
[2]. A LC pump with a chilled head is used to
measure CQ in the liquid state and a second LC
pump dispenses the organic modifier. The composi-
tion of the eluent is controlled by varying the flows
delivered by each pump as in any high pressure LC
gradient system [3]. In the column oven, the density
may change, but some software is able to compen-
sate for this. A backpressure regulator is required at
the system outlet to control the pressure and prevent
expansion of the eluent into a gas in the detector cell.
This implies that the detector cell, which is similar to
an LC-UV detector, must be capable of withstanding
elevated pressure.

Chiral SFC with packed columns was first pro-
posed for the separation of chiral phosphorous-
containing derivatives by Mourier et al. in 1985 [4].
The properties of supercritical fluids are especially
useful in chiral separations that use almost exclusive-
ly subcritical mobile phases containing large
amounts of modifier and mild conditions [5-7].

ticals [19]. Cyclic ketones and dioxalene derivatives
were separated by chiral SFC using teicoplanin and
vancomycin based columns [20]. A ristocetin CSP
was tested with SFC mobile phases to resolve the
enantiomers of acidic drugs [21]. Forty-four race-
mates were evaluated for separation on six different
CSPs, including teicoplanin and vancomycin, with
SFC mobile phases [22].
An in depth evaluation of the capabilities of
macrocyclic glycopeptide-based CSPs used with SFC
mobile phases has not been reported to our knowl-
edge. In this work a set of 111 chiral compounds
with widely differing functionalities, acids, bases,
heterocyclic compoydfyckers, chiral sulfox-
ides, derivatized and native amino acids, was tested
with three commercially available macrocyclic
glycopeptide based CSPs: teicoplanin (T), ristocetin
(R) and the recently introduced teicoplanin aglycone
(TAG) [23]. Experimental conditions were deliber-
ately chosen to favor fast (high flow-rates) rather

than efficient (high plate number) separations. The

results obtained on the three CSPs are compared and
discussed in terms of enantiorecognition capabilities.

2. Experimental

Using SFC for chiral separations, it is expected that 2.1. SFC

the increased diffusivity will lead to sharper peaks
and increased resolution. The low viscosity of SFC
eluents should allow faster separations and rapid
method development. The last point is essential. With
rapid column equilibration, simple mobile phase
composition and a reduced number of columns to
evaluate, SFC is selected as the first try for chiral
separations in some industrial cases [8]. Many
different chiral stationary phases can be used [9].
The macrocyclic glycopeptide chiral stationary
phases (CSPs) have been found to be extremely

A Berger Instrument SFC system with a flow
control module, an automatic injectal Igdp)

with a 96-sample tray, a diode array detector and
Berger Instruments ChemStation software (Berger
Instruments, Newark, DE, USA) was used. The
chromatograph had two reciprocating pumps, one
with a refrigerated head dispensing the liquid CO ,
the second one controlled the organic modifier. A
scale was placed under the CO cylinder as a weight

gauge indicating the amoung of CO remaining.
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2.2. Chiral stationary phases

Three different 25 crr4.6 mm 1.D. columns were
obtained from Astec (Whippany, NJ, USA). They
were Chirobiotic T, Chirobiotic R and Chirobiotic
TAG whose chiral selectors were, respectively, the
teicoplanin, G4 H, CL N, G,;, molecular masi ()
1878, and ristocetin, & H, N @, M ,2066, mac-
rocyclic glycopeptides and the aglycone core of
teicoplanin, Gg Hs CL N, Qg M ,1197. These CSPs
were extensively described in previous articles [11—
17].

2.3. The solutes

One hundred and eleven solutes of a wide variety
of functionalites were evaluated on the three
Chirobiotic CSPs. They were sorted into six classes
referred to by letters A to F. Class A contains a
variety of heterocyclic compounds that are mainly
amides (oxazolidinone or imidazolidinone) and esters
(lactone, furanone). Three compounds of this class,
hydrobenzoin (A15),N,S-dimethyl-S-phenylsulfox-
imine (A16) and norgestrel (A18) are not
heterocyclic compounds. Norgestrel was not racemic
(two chiral centers) but an epimer mixture. Class B
is made of chiral acids, especially anti-inflammatory
molecules (the “profen” family) and other propionic
acid derivatives. Class C is thp-blockers com-
pounds. Class D is made of 31 chiral sulfoxides,
many of them especially synthesized by the group of
Dr. Jenks at lowa State University. Class E com-
pounds are dinitrophenyl (DNP), dinitropyridyl
(DNPyr) or carboxybenzyl (CBZ)N-derivatized

amino acids. Class F gathers underivatized amino

acids.

2.4. Other chemicals

SFC-grade CQ (Matheson Gas, Chicago, IL,
USA) in 17.7 kg cylinders, supplied with full length
eductor tube, was used. Triethylamine (TEA) was
purchased from Aldrich (Milwaukee, WI, USA).
Methanol, trifluoroacetic acid (TFA) and glycerol
were from Fisher Scientific (Fairlawn, NJ, USA).
The chiral sulfoxides were synthesized by the Jenks
group at lowa State University (Ames, 1A, USA). All
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the other chiral compounds were obtained from
Sigma (St. Louis, MO, USA).

2.5. Protocol

The solutes were dissolved in methanol (concen-
tration between 1 and 5 mg/ml) except native amino
acids that were dissolved in water (pH 1 adjusted
with HCI). All separations were done under isocratic
conditions at°®land regulating the pressure at the
detector outlet at 100 kg/cm (100 bar, 10 MPa or
1430 p.s.i.). The organic additive pump was fed by
the methanot TFA and/or TEA mixture. Small
amounts of glycerol and/or water were added to
elute native amino acids. The columns were equili-
brated for at least 30 min any time the organic
additive was changed. Three wavelengths, 214, 220
and 254 nm, were continuously monitored. The same
columns were used for the six classes of compounds.
The injector tray was loaded with a compound
family and, for each compound, two injections were
done successively. The tray was reloaded another
day and a third injection was done to check for
reproducibility and column stability. The solvent UV
signal was used as the dead volume marker. Redoing
selected experiments after 5 months of intensive use
of the columns in a variety of experimental con-
ditions, the columns showed less than 4% change in
retention times and between 15 and 20% decrease in
efficiency.

3. Results and discussion
3.1. Sdecting the experimental conditions

All previous studies using SFC and macrocyclic
glycopeptide CSPs have shown that the enantio-
selectivity factors decreased as the temperature in-
creased [20-22]. So a constant and low temperature,

°3B1 (the critical temperature of pure CO is

3T@3), was selected for all separations. Similarly,
it was found that raising the pressure decreased the
enantioresolution factors [20]. A constant outlet
pressure of 100 bar (10 MPa or 1430 p.s.i.) was used
in all cases. The SFC instrument controls the mobile
phase pressure at the column outlet, after the detector
cell (see Experimental). This means that the actual
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inlet pressure is not the same for all experiments
although it is constant during a given isocratic
separation. The inlet pressure depends on the column
permeability and on the mobile phase composition.
Since the mobile phase viscosity increases when the
methanol percentage increases, the inlet column
pressure is higher, at constant flow-rate, when a high
percentage of methanol is added to £O .

It can be argued that the mobile phases used are
not all supercritical fluids. However, it was demon-
strated that the changes in viscosity and solute
diffusion coefficients between supercritical and sub-
critical or liquid mobile phases were continuous
[2,24]. The mobile phase compositions used in this
work contained between 4 and 60% (v/v) methanol
as organic modifier. When 60% methanol is “added”
to CO,, it can clearly be considered that it is actually
40% CQ, that is “added” to liquid methanol. At
31°C and more than 100 bar of pressure, the
physico—chemical properties of the methanol-CO
mixtures change gradually from a pure supercritical
state (no methanol) to a pure liquid (100% methanol)
through the subcritical state. No phase separation
occurs [3,24]. So, all CQ —methanol mixtures will
be called SFC mobile phases, the S standing for
“supercritical” in CO, rich mobile phases and for
“subcritical” in methanol-rich mobile phase.

TFA and/or TEA were also added to the SFC
mobile phases. Obviously, addition of TFA will
protonate the solute and/or stationary phase basic
sites and TEA additions will neutralize analyte and/
or acidic stationary phase sites. These ionization
changes greatly affect the solute retention behavior
and enantioselectivity. A 1-ml volume of TFA and
TEA corresponds, respectively, to 13.5 and 7.2
mmol. Then, when equal volumes of TFA and TEA
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lanin based chiral selectors were able to resolve fully

R.,€1.5 or greater) or partially (04R.<1.5) the

enantiomers of exactly the same number of com-
pounds: 63 compounds (57%) were baseline sepa-

rated by the two Chirobiotic T and TAG columns

and 39 (35%) were partially separated. The enantio-
mers of nine compounds only (8%) could not be
resolved. These identical numbers do not correspond

to the same compounds. The Chirobiotic TAG
column was the only one able to separate the
enantiomers of compounds A8, A16, D2 and D16
(Table 1). Similarly, the enantiomers of compounds
C1, C2, C7 and F11 were separated only with the
Chirobiotic T column.

The Chirobiotic R column was significantly less
successful. It could separate, with baseline return
between peaks, the enantiomers of 25 compounds

(22%, Table 1). Forty-two more compounds (38%)
were partially resolved and there was no separation
for the 44 remaining compounds (40%). However,
the enantiomers of D17 and D20 could be separated
only by the ristocetin CSP.

Table 1 shows that the resolution factors obtained
for the same compound with the three different
columns may differ widely. Fig. 1 shows the number

of best enantioseparations obtained for each class of

compounds and each CSP. Clearly, the Chirobiotic
TAG column shows a better effectiveness except in

the separation feblocker enantiomers (class C)

where the Chirobiotic T column is superior. Of the
whole set of enantiomers, 55% (61 compounds) are
best separated by the Chirobiotic TAG column, 35%
(38 compounds) by the Chirobiotic T column and
10% (11 compounds) by the Chirobiotic R column

(Fig. 1).

are added to a mobile phase, it remains acidic. The 3.3. Class A, heterocyclic compounds

amount of TFA and TEA added to the SFC mobile
phases depends on the solutes studied.

3.2. Overall CSP effectiveness

Compound D27, methyl hexyl sulfoxide, is the
only compound whose enantiomers could not be
separated at alR;=0). The enantiomers of all other
110 compounds could be fully separat&y*$1.5) by
at least one of the macrocyclic glycopeptide CSPs.
Table 1 lists the results. By chance, the two teicop-

Most of the compounds in this class have a

stereogenic center that is part of a heterocyclic ring.
This structural feature introduces some rigidity in
and around the stereogenic center and renders the

two enantiomers easier to differentiate compared to
stereogenic centers with four freely rotating sub-
stituents [25]. This may be the reason why the three

highest resolution factors obtained with Chirobiotic

T and TAG columns corresponds to the class A
compounds. For Chirobiotic TRthealues for
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Table 1
Enantiomeric separations on three chirobiotic CSPs by subcritical fluid chromatography

189

Code Compound name and formula CSP* 4 o Rs MeOH" Other additive
min % v/v % v/vinMeOH
Class A: heterocyclic compounds
Al R,S-(+/—)-4-benzyl-2-oxazolidinone T 373 139 23 40
@wfw\ﬁ TAG 376 155 39 50
o R 164 102 04 40
A2 5,5-dimethyl-4-phenyl-2-oxazolidinone T 1.87 156 4.0 40
P TAG 230 294 80 40
j—kO R 119 108 08 40
Hy
A3 R,S-(+/-)-4-benzyl-5,5-dimethyl-2-oxazolidinone T 201 296 6.2 40
A TAG 252 187 4.1 40
c) T
1ol ) R 123 136 16 40
A4 R,S-(+/-)-4-diphenylmethyl-2-oxazolidinone T 261 1.82 4.1 40
9
A Q TAG 283 152 30 40
L R 149 123 14 40
A5 (4R5S/4S5R)-(+/-)-cis-4,5-diphenyl-2-oxazolidinone T 2.11 1.74 43 40
TAG 4.09 1.23 1.6 40
O o R 138 125 1.8 40
A6 (4R,55/4S,5R)-(+/-)-4-methyl-5-phenyl-2- T 196 3.17 122 40
oxazolidinone TAG 362 253 69 40
(\jlo)\o R 128 326 80 40
P
A7 (4R,5S/4S,5R)-(+/-)-1,5-dimethyl-4-phenyl-2- T 1.27 1.14 1.3 40
imidazolidinone TAG 165 142 33 40
@i_“ R 625 104 09 7
HyC N/Ko
CHy
A8  1-benzyloxycarbonyl-2-tert-butyl-3-methyl-4- T 1.73 1 0.0 7
imidazolidinone TAG 369 105 08 10
L, R 280 1 0.0 5
ﬁ N CHEOS‘: CH,
O
A9  4-hydroxy-2-pyrrolidinone T 247 1.05 05 40
OH
§ TAG 353 1.16 1.7 40
o R 242 108 09 40
A10  RS(+/-)-5-(hydroxymethyl)-2-pyrrolidinone T 247 120 15 40 0.1 TEATFA
HCHC.
) TAG 3.61 122 1.6 60
N R 232 105 07 40

compounds A6 and A3 were 12.2 and 6.2, respec-

tively (Table 1). For Chirobiotic TAG, th&, values

were 9.1, 8.0 and 6.9 obtained for compounds A11,

A2 and A6, respectively. AR, value of 8.0 was also

obtained on the Chirobiotic R column for the A6

compound. Compounds Al5 and Al6 are not

heterocyclic compounds. They were included with

the class A compounds to compare the enantioresolu-

tion obtained with two chiral compounds with a free

stereogenic center and compounds with ring-blocked
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Table 1. Continued

Code Compound name and formula Csp* t o Rs MeOH" Other additive
min % vlv %o V[V inMeOH
All  5-methyi-5-phenylhydantoin T 232 1.05 0.7 40
{ ) TAG 320 387 91 40
HNXKO R 200 139 22 40
Al12  5-(3-hydroxyphenyl)-5-phenyl-hydantoin T 697 1.16 4 40 0.1 TEATFA
| \\/\ TAG 458 138 2.0 60 0.1 TEATFA
-
Y R 414 118 09 40
HD’/\\/HN\/\ g ’ o g ”
OﬁNH
Al13  DL-5-(4-hydroxyphenyl)-5-phenylhydantoin T 827 1.16 1.3 40
® TAG 614 108 06 60
HO, 7 7
- R 435 112 07 40
HN™ 7H’
Al4 Chlorthalidon T 361 137 29 40 0.1 TEATFA
¢ TAG 472 182 36 45
HzN_ﬁ@ m n Q £% 1 .NQ 1N 20
o = n 0.V 1.U0 1r.u JU
wl NN,
Al5 (R,R/S,S)-(+/-)-Hydrobenzoin T 6.70 1.04 0.6 7
\ on
OEEG) TAG 659 104 07 10
R 475 1 0.0 10
Al6  (R,S)-(+/-)-N.S-dimethyl-S-phenylsulfoximine T 4.41 1 0.0 5
(H) /=\ A A QN 1 Nc n o sl
HC—$—\ LAU 4.0U 1.U0 u.0 /
I
He” R 3.98 1 0.0 5
Al17  o-methyl-a-phenyl-succinimide T 1.60 126 3.0 2
o0 TAG 283 147 45 15
ik/(\) R 458 103 06 7
A18 Norgestrel” T 1192 1.05 1.0 7
~ // TAG 808 108 09 15
N R 1049 1.02 06 7

Al9  (IR,55/1S,5R)-(+/-)-2-Oxabicyclo[3,3,0]-oct-6-en-3- T L1 L5129 40

one TAG 1.63 153 27 30
@\T/L\; R 090 120 1.0 40

A20  (R,S)-(+/-)-Dihydro-5-(hydroxymethyl)-2(3H)- T 1.31  1.11 0.8 40
furanone TAG 163 112 07 20
o& OHOH R 1.21 1 0.0 40

A21  (R,S)-(+/-)-5-hydroxymethyl-)-2-(5H)-furanone T 525 1.13 1.3 40
cn TAG 493 114 12 15

R 4.72 1 0.0 10

A22  y-nonanoic lactone T 1.53 114 1.1 7
- TAG 135 113 08 15

R 279 111 08 5
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Table 1. Continued

Code Compound name and formula CSP* t o Rs MeOH" Other additive
min % VIV % V[V in MeOH
A23 - phenyl-y-butyrolactone T 235 129 1.8 7
A TAG 175 154 24 25
{ P R 516 103 06 5
A24  DL-pantolactone T 1.67 1.11 15 15
Q TAG 213 123 23 15
R 7.85 1 0.0 5
A25  (+/-) B-butyrolactone T 265 1.12 08 7
’ TAG 304 118 14 5
R 2.48 1 0.0 5
class B, chiral acids
Bl Flurbiprofen T 4.05 1.07 1.2 5 0.5 TFA
Ya W j TAG 644 106 1.2 5 0.5 TFA
>/ R 293 1 00 7 0.5 TFA
B2  Fenoprofen T 3.95 1.07 1.2 5 0.5 TFA
. ‘ch TAG 573 105 11 5 0.5 TFA
©/ \©/ °© R 2.90 1 0.0 7 0.5 TFA
B3 Indoprofen T 6.99 1.11 1.9 15 0.5 TFA

TAG 8.60 1.14 1.6 20 0.5 TFA

o i % R 6.63 1 0.0 15 0.5 TFA
o

B4  Ibuprofen T 1.89 1.13 15 7 0.5 TFA
— @M TAG 225 114 22 7 05TFA

= N R 225 114 22 7 0.5 TFA

B5  DL-tropic acid T 845 1.07 13 7 0.5 TFA
. gg TAG 395 107 13 15  05TFA

R 5.85 1 0.0 7 0.5 TFA

B6  o-Methoxyphenyl acetic acid T 390 1.04 05 7 0.5 TFA
Q/\_\f TAG 847 109 12 5 0.5 TFA

R 347 1.24 1.8 7 0.5 TFA

B7  a-phenylcyclopentaneacetic acid T 6.84 1.04 09 5 0.2 TFA
. TAG 428 1.06 1.1 5 0.5 TFA

gCH_C<oH R 3.17 104 08 5 0.2 TFA

B8  2-phenyl-propionic acid T 209 110 L5 7 0.5 TFA
Hojk@ TAG 264 L1215 7  0STFA

o R 2.11 1 0.0 7 0.5 TFA

B9  2-phenoxy-propionic acid T 334 109 0.6 7 0.1 TFA
. TAG 150 172 26 60  0.1TEA

R 243 1 0.0 7 0.5 TFA

B10 2-(2-chlorophenoxy) propionic acid T 201 151 1.7 40 0.1 TEA

TAG 205 161 1.6 40 0.1 TEA
| R 2.74 1 0.0 7 0.5 TFA

HO.
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Table 1. Continued
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Code Compound name and formula CSP* 4 o Rs MeOH" Other additive
min Yo viv % V[V in MeOH
B11 2-(3-chlorophenoxy) propionic acid T 202 153 09 40 0.1 TEA
TAG 288 1.37 1.7 40 0.1 TEA
’ & R 242 1 00 7 0.5 TFA
B12  2-(4-chlorophenoxy) propionic acid T 207 159 1.8 40 0.1 TEA
Cl
. D/ TAG 245 174 23 40  0.ITEA
\LH\’ R 244 1 00 7 0.5 TFA
Class C, B-blockers
C1 Atenolol T 10.63 1.15 1.5 70 0.1 TFATEA
Iy m ’ TAG 493 1 00 60 0.1TFATEA
E - R 10.62 1 0.0 40 0.1 TFATEA
C2  Oxprenolol T 475 114 18 60 0.1 TEA
o~ y TAG 375 1 00 40 0.1 TFATEA
QﬂLi—« R 661 1 00 20 0.ITFATEA
C3  Metoprolol T 267 1.14 15 40 0.1 TFATEA
0,
/L Q)@N ~ TAG 397 1.07 038 60 0.1 TFATEA
W R 7.99 1 0.0 20 0.1 TFATEA
C4  Alprenolol T 206 1.15 1.5 40 0.1 TFATEA
W TAG 519 108 10 30 0.1 TFATEA
o TN
Y R 48 1 00 20 0.TFATEA
C5  Acebutolol T 890 1.10 1.1 60 0.1 TEA
™oy TAG 1249 1.11 1.0 40 0.1 TFATEA
o \)\/N
PN T R 414 1 00 40 0.1TFATEA
C6  Propranolol T 308 1.16 1.8 40 0.1 TFATEA
CHy
e TAG 289 138 20 50 0.1 TFATEA
C@ R 935 1 00 20 O0.1TFATEA
x
C7 Pindolol T 441 1.12 14 40 0.1 TFATEA
8 TAG 811 1 00 40 0.1TFATEA
/\N/\(‘\O \l N
fda =/ R 8.71 1 0.0 30 0.1 TFATEA
class D, chiral sulfoxides
DI i T 514 103 04 7
‘ S ~
~  methyl phenyl sulfoxide TAG 852 114 09 7
R 417 1.06 09 7
D2 i T 537 1 00 7
‘ B SN
/L/ methyl-4-toluyl sulfoxide TAG 954 L1212 7
R 3.97 1 0.0 7
D3 i T 437 122 3.1 7
Q/ TAG 3.18 129 32 15
methyl 3-toluyl sulfoxide R 356 1.03 05 7
D4 T 4.90 1 0.0 7
TAG 377 1.10 1.1 15
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Table 1. Continued

Code Compound name and formula CSpP? t o Rs MeOH" Other additive
min % v/v % V[V in MeOH
i R 388 1.06 09 15

N
©i methyl-2-toluyl sulfoxide
o

D5 I T 43 115 24 7
~
:/©/ methyl-4-fluorophenyl sulfoxide TAG 728 132 36 7
R 34 1 0.0 7
D6 i T 481 119 19 7
~
c/©/ methyl-4-chlorophenyl sulfoxide TAG 886 128 23 7
R 4.0 1 0.0 7
D7 i T 431 118 28 7
A N
| TAG 343 131 34 15
G methyl-3-chlorophenyl sulfoxide R 3.93 1 0.0 7
D8 i T 337 112 18 7
(1 TAG 306 120 18 15
#a methyl-2-chlorophenyl sulfoxide ’ ’ ’
R 2.86 1 0.0 7
D9 i\ T 575 118 26 7
a/©/ methyl-4-bromophenyl sulfoxide TAG 1121 130 3.5 7
R 462 103 08 7
D10 i T 498 122 3.0 7
~
Q/ TAG 4.04 137 4.0 15
. methyl-3-bromophenyl sulfoxide R 4.52 1 0.0 7
D11 c\sl)\ T 409 116 18 7
CKE, methyl-2-bromophenyl sulfoxide TAG 391 1.2 2.3 15
R 3.41 1 0.0 7
D12 { T 265 1.04 08 7
o TAG 365 110 13 7
re” " methyl-(4-trifluoromethyl phenyl) : ’ ’
sulfoxide R 2.2 1 0.0 7
D13 i T 93 112 17 7
~
TAG 8.09 106 08 15
O methyl-(4-phenyl-phenyl) sulfoxide R 7.19 1 0.0 7
D14 i T 273 107 1.0 7
©/ t-butyl phenyl sulfoxide TAG 195 119 18 15
R 266 111 14
D15 { T 332 111 20 7
‘ NN
/ vinyl phenyl sulfoxide TAG 268 118 27 15
R 321 1 0.0 7
D16 ? v@ T 5.25 1 0.0 7
C( ’ bemsvl ohemvl sulfoxid TAG 1062 1.02 04 7
enzyl phenyl sulfoxide R 5.05 ) 0.0 7
D17 9 Q T 5.63 1 0.0 7
/@’ e _ TAG 422 1 00 15
7 benzyl toluyl sulfoxide

R 489 111 1.7 7
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Table 1. Continued

Code Compound name and formula CSP* t o Rs MeOH" Other additive
min Y% v]v % V[V in MeOH
D18 II\/@ T 479 105 038 7
/O/ o TAG 415 104 07 15
o benzyl-(4-chlorophenyl) sulfoxide R 470 124 26 7
D19 5O T 855 1.03 06 7
® ™ TAG 589 107 10 15
- / benzyl-(4-methoxyphenyl) R 71 121 1.8 7
sulfoxide
D20 i v©/ T 5.07 1 0.0 7
Henvl(domethvib 1 sulfoxid AG 10.01 1 0.0 7
phenyl-(4-methylbenzyl) sulfoxide R 487 101 04 7
D21 T 598 1.19 3.1 7
C TAG 1173 119 24 7
phenyl-diphenylmethyl sulfoxide R 239120 2 15
D22 ﬁ T 48 105 06 7
phenyl-(2-phenylethyl) sulfoxide TAG 339 L1011 15
R 414 105 1.0 7
D23 i T 363 117 21 7
O/ ><\©phenyl (1,1-dimethyl-2-phenylethyl) TAG 594 12 19 7
sulfoxide R 3.59 1.23 3.7 7
D24 9 T 369 1.07 12 7
Ej henyl-(1.1dimethyl3 TAG 603 115 15 7
phenyl-(1,1-dimethyl-3-
phenylpropyl) sulfoxide R 3.67 105 09 7
D25 « ﬁ\ T 7 129 45 7
©/\A/ methyl-(4-phenyl-1-butene) sulfoxide TAG 321 135 38 15
R 4.98 1 0.0 7
D26 i . T 355 137 57 7
SSemethyl-1-hexene sulfoxide
TAG 253 152 47 15
R 2.61 1 0.0 7
i 5 :
b27 \/\/\/g\methyl hexyl sulfoxide T 3:59 ! 0.0 !
TAG 237 1 0.0 15
R 2.79 1 0.0 7
D28 ET\ T 829 1.03 07 15
©/ Ts = tosyl, -S0,-C¢H,-CH; TAG 655 1.05 0.7 25
R 7.12  1.02 05 15
D29 ET\/O T 681 1.06 1.0 15
©/ . L SOLCHLCH TAG 574 105 07 25
8= tosy%, S0 Lt tHs R 59 1 00 15
D30 O 2 T 806 124 28 7
N
O ol Lol sulfoxid TAG 662 136 29 15
fethyl=1-napitily? sufioxide R 58 108 09 7
D31 T 9.18 1.05 09 7
TAG 7.23 1.11 14 15
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Table 1. Continued

Code Compound name and formula CSp* 4 o Rs MeOH" Other additive
min % vlv % v/vin MeOH
P T R 854 111 15 7

NN benzyl-2-naphthyl sulfoxide
class E, N-blocked amino-acids
El N-3,5-DNPyr-serine T 4.09 1.74 3.1 25
L~ TAG 436 152 15 40
AL R 583 130 15 40
E2 N335 T 144 150 15 40
=~ TAG 251 129 09 40
Oy
e, R 300 295 69 40
E3  N-3,5-DNPyr-alanine T 1.86 2.07 4.2 25
NO2
M_Q TAG 349 180 26 25
HaC—H "\ /
. R 236 161 33 40
NOz
E4  N-3,5-DNPyr-leucine T 182 225 54 40  0.TEA
NO,
I i f</ TAG 286 147 9 15
e R 287 152 29 25
E5 N-2,4-DNP-ethionine T 1.91 1.62 2.0 40
ON
@ TAG 433 172 20 40
PSRN a _—
N\ R 228 105 05 40 0.1TEA
E6  N-2,4-DNP-norvaline T 222 157 24 25
COOH ZNi 2
o TAG 476 lde e B
b R 4.66 1 0.0 40 0.1 TEA
E7  N-2,4-DNP-methionine T 194 189 24 40
coon - TAG 496 206 25 40
HaC—8~(CHy)—HC—N- 0,
! R 653 106 08 40 0.1 TEA
E8  N-2,4-DNP-norleucine T 214 141 22 25
ON,
goon 5 TAG 428 129 10 25
NS R 379 1 00 40 0.1TEA
E9  N-2,4-DNP- a-amino-n-caprylic acid T 3.03 148 2.8 40 0.1 TEA
g TAG 513 121 1.0 40  0.1TEA
e . R 308 1 00 40  O0.ITEA
E10 N-2,4-DNP-o-amino-n-butyric acid T 578 1.28 1.8 40 0.1 TEA
OaN,
oo C TAG 461 112 07 60  0.1TEA
T ’ R 58 131 24 40 O0.1TEA
Ell N-CBZ-proline T 656 106 08 7
COOH
0 TAG 396 110 10 15
N
Do) R 182 1 00 40  01TEA
E12 N-CBZ-phenylalanine T 2.41 1.25 1.0 40 0.1 TEA
COOH O p—
QM;HLHN_‘C_O»HZCQ TAG 306 127 12 40  0.ITEA
R 316 153 22 40  O0.ITEA
E13 N-CBZ-serine T 405 139 1.0 40 0.ITEA
COOH O
W_HM_LO_%O TAG 187 166 18 60  0.1TEA

R 569 1.25 1.7 40 0.1 TEA
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Table 1. Continued

Code Compound name and formula CSp* t o Rs MeOH" Other additive
min % V[V % V[V in MeOH
El4 N-CBZleucine T 615 129 22 15 0.1 TEA
‘HBC,ZHC_HEC_Q_HN_E_o_Hzc_Q TAG 303 124 17 15
R 356 1.12 15
E15 N-CBZ-tryptophan T 431 115 40 0.1 TEA
/\/: TACY 774 1 9% o) AN N1 TEA
T oo TAG 724 125 12 40 0.1 TEA
ediowgo—on{ ) R 539 139 21 40  0.1TEA
El16 N-CBZ-Norleucine T 1.43 1.45 1.4 40 0.1 TEA
HGC_WQC,Z-HEZN_E_HZCO TAG 160 176 25 40  0.1TEA
R 155 120 1.0 40 0.1 TEA
E17 N-CBZ-alanine T 189 166 24 40 0.1 TEA
wetbntae () TAG 243 232 33 40 0.1 TEA
A\
R 234 151 28 40 0.1 TEA
E18 N-CBZ-valine T 142 118 08 40 0.1 TEA
COOH O —_—
orscn-rt-im--ome— ) TAG 161 137 13 40 0.1 TEA
R 161 122 1.1 40 0.1 TEA
E19 N-CBZ-norvaline T 151 154 16 40 0.1 TEA
COOH O
H,W,Z_Hé_m_!_o_uzc@ TAG 169 190 26 40 0.1 TEA
R 1.68 133 1.6 40 0.1 TEA
E20 N-CBZ-methionine T 221 150 1.8 40 0.1 TEA
Mwm,ﬁé_w_ﬁ_o_m@ TAG 270 182 28 40 0.1 TEA
R 261 135 21 40 0.1 TEA
E21  N-CBZ-DL-asparagine T 272 1.19 0.8 60 0.1 TEA
o COOH O
Hzn_l_m_ﬂé_m_ﬂ_o_m_@ TAG 406 116 08 60 0.1 TEA
R 407 111 08 60 0.1 TEA
E22 DL-alanine-2-naphthylamide hydrochloride T 451 1 0.0 40 0.1 TFATEA
O TAG 509 111 09 40 0.1TFATEA
R 388 1.19 1.8 40 0.1 TFATEA
class F, Native amino-acids
F1  Alanine T 260 194 3.1 48 0.1 TEATFA
e 2 H,0 0.3 glol
’ TAG 441 206 50 475 O015TEATFA
2.5 H,0, 0.3 glol
R 280 139 13 48 0.1 TEATFA
2 H,0
F2  Serine T 320 140 1.8 465 0.1 TEATFA
HOHQC-HIH:COOH 35 Hzo
TAG - - - Not detected
R 432 117 1.1 48 0.1 TEATFA
2 H,0
F3 Asparagine T 4.02 1.54 1.6 57.6 0.15 TEATFA
p 2.4 H,0
HN—C—HzC— HC—COOH
TAG 218 224 38 672 0.15TEATFA
2.8 H,0
R 406 136 1.8 475 0.15TEATFA
2.5H,00.3

glol
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Code Compound name and formula CSP* t o Rs MeOH" Other additive
min % v/v %o V[V in MeOH
F4 Glutamine T 4.06 1.36 1.8 57.6 0.15 TEATFA
H,N—ﬁ—(Hzc)z—HIH:on 24 Hzo
TAG 2.07 1.50 1.5 67.2 0.15 TEATFA
2.8 H,O
R 3.37 1.21 1.2 47.5 0.15TEA TFA
2.5H,00.3
glol
F5 Methionine T 255 214 3.0 48 0.1 TEATFA
RN G 2 H,0 0.3 glol
TAG 225 4.09 3.7 48 0.1 TEATFA
2 H,0 0.3 glol
R 2.59 1.32 1.1 48 0.1 TEATFA
2 H,0
F6 Tryptophan T 3.61 1.71 1.8 48 0.1 TEATFA
@EEZ N 2 H,0 0.3 glol
cro——co0m TAG 333 202 2.3 48 0.1 TEATFA
2 H,0 0.3 glol
R 4.10 1.20 0.7 48 0.1 TEATFA
2 H,0 0.3 glol
F7 Phenylalanine T 2.72 1.89 2.2 48 0.1 TEATFA
{ﬁ\wﬁg“zm 2 H,0 0.3 glol
— TAG 224 255 24 48 0.1 TEATFA
2 H,0 0.3 glol
R 2.90 1.37 1.2 48 0.1 TEATFA
2 H,0 0.3 glol
F8 Threonine T 2.97 1.52 2.0 48 0.1 TEATFA
Hac—HiH—HzECOOH 2 Hzo 03 gIOI
TAG 230 2.18 3.8 47.5 0.15 TEATFA
2.5H,00.3
glol
R 3.45 1.27 1.2 48 0.1 TEATFA
2 H,0 0.3 glol
F9  Tyrosine T 2.87 1.77 1.4 48 0.1 TEATFA
HOO&C—HZH—ZCOOH 2 Hzo 0.3 glOI
TAG 240 2.63 24 48 0.1 TEATFA
2 H,0 0.3 glol
R 3.18 1.31 1.1 48 0.1 TEATFA
2 H,0 0.3 glol
F10 Histidine T 3.18 1.31 1.1 48 0.1 TEATFA
(I 1 o 2 H,0 0.3 glol
N TAG 351 1.64 1.7 67.2 0.15 TEATFA
2.8 1,0
R 7.95 1.09 04 475 0.15TEATFA
2.5H,00.3
glol
F11 Lysine T 1.85 1.60 2.7 67.2 0.15 TEATFA
HQMHEC}.‘HEECOOH 2.8 HZO
TAG -—- - -—- Not detected
R --- -—- --- Not detected
F22  Arginine T 4.71 1.80 34 57.6 0.15 TEA TFA
HZN~EH»HMHZ%-HZH—QQOOH 2.4 H2O

TAG

Not detected
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Table 1. Continued

Code Compound name and formula CSpP* t o Rs MeOH" Other additive

min % VIV % V[V in MeOH
R 4.04 150 1.8 475 0.15TEATFA

2.5H,00.3

glol

F23  Norvaline T 262  1.66 1.7 48 0.1 TEATFA
H;OHgC]g——H:MZCOOH 2 HZO 0.3 glOI
TAG 242 210 1.9 48 0.1 TEATFA
2 H,0 0.3 glol
R 273 138 1.2 48 0.1 TEATFA
2 H,0 0.3 glol
F24 DL-4-ch10r0;r351enylalanine T 1.82 1.80 2.0 60 0.1 TEATFA
o Ynordcomn TAG 151 217 21 60 0.1 TEATFA

R 222 1.25 0.7 60 0.1 TEATFA

*Chromatographic conditions: pressure 100 bar, temperatut€,low-rate 4 ml/min; UV detection at 254 nm, 220 nm and 214 nm
with a diode array detector.
PTEA=Triethylamine, TFA=trifluoroacetic acid, glokglycerol.
°Epimeric separation.

stereogenic centers. A15 an Al16 are significantly eluted in less than 5 min. Several compounds of this

less enantioresolved by the three CSPs, compared to class were separated by HPLC with similar res-

most other class A compounds. olution factors, but the duration of analysis was
The speed of these enantiomeric separations commonly three times higher [16].

should be noted. With the standard experimental

conditions used, 100 bar, 3C and 4 ml/min, and  3.4. Class B, chiral acids

different methanol content as listed in Table 1, all

heterocyclic compounds were eluted in less than The ristocetin chiral selector is not able to separate

10 min. Eighteen class A compounds (70%) were the enantiomers of the class B chiral acids as well as
the teicoplanin and its aglycone analogue do. All 12
acids are resolved, at least partially by the
Chirobiotic T and TAG columns. The Chirobiotic R

column could separate only three.

& TA? From a mechanistic point of view, it should be

. RO noted that the enantiomers of the acid compounds are
B separated with two very different mobile phase
g5 compositions. They are either acidic SFC mobile
g% phases containing low amounts of methanol (15%,

30 v/v, or less) or basic SFC mobile phases with a high

20 methanol content (more than 40%, v/v) (Table 1).

10 With TFA containing mobile phases, the class B

e m—— = c - E = solutes are in their molecular form and the CSPs are

positively charged since their carboxylic acid groups

Fig. 1. Overview of successful separauo_n for each class of are neutral and their amine groups are protonated.
compound on the three CSPs=Meterocyclic compounds, 8

chiral acids, G=B-blockers, B=chiral sulfoxides, E=N-blocked Acidic polar organic mobile phases are used _to
amino acids, Enative amino acids, Fteicoplanin CSP, TAG separate these compounds by HPLC [14,15]. With

teicoplanin aglycone CSP and=Ristocetin A CSP. basic mobile phases, the acid solutes are negatively
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charged and so are the CSPs. Table 1 shows that

good separation of enantiomeric pairs could be
obtained in these conditions with methanol-rich SFC
mobile phases.

Fig. 2 illustrates this point with the Chirobiotic T
column. Fig. 2A shows the separation of compound

B12 with an SFC mobile phase containing 7% added
methanol. The enantiomers are partially separated

with tailing peaks in less than 5 min. If a small
amount of TFA (0.1%, v/v) is added, the enantio-
separation is lost (Fig. 2B). With an equal 0.1%
amount of TEA and TFA added to the 7% methanol,
the SFC mobile phase is still acidic and one tailing
peak is still obtained (Fig. 2C). When 0.1% (v/v)

w A MeOH 7%
20
175
150
—— T Y T T
2 4 8
B MeOH 7% + 0.1% TFA
400
200
a3
- T T I T
2 4 6
mau j C
3 MeOH 7%
200 +0.1% TEA +0.1% TFA
1003
e
[ T T
2 4 8
mau4 D
200 3 MeOH 40% + 0.1% TEA
1003
1
04 N—
2 ! 6

Fig. 2. Effect of additives on the separation of the enantiomers of
2(4-chlorophenoxy) propionic acid, B12. Chromatographic con-
ditions: column Chirobiotic T, 280.46 cm I.D., 4 ml/min of
indicated SFC mobile phases, 31, 100 bar, UV detection at 254
nm. A 0.5-min integration inhibition was used.

199

are separated but the retention times increased to
over 20 min. Increasing the methanol content to
40%, with the 0.1% (v/v) TEA allows baseline
resolutidR,€1.6) to be obtained in less than 3 min
(Fig. 2D).

3.5. Class C, B-blockers

Tigeadrenergic blockers are all secondary
amines with very similar molecular structures [i.e.,
R-O-CH —C*HOH>CH —-NH-CH(¢H ) ]. The R
substituent is always aromatic. It was necessary to
use high amounts of methanol (20%, v/v, or more)
and to add 0.1% (v/v) of both TEA and TFA to most
SFC mobile phases. These mixtures are acidic since
0.1% (v/v) TEA (7.3 nM) is completely neutralized
by 0.1% (v/v) TFA (13.5 nM). It means thep-
blockers are in their protonated cationic form when
separated by the glycopeptide-based CSP columns.

The ristocetin chiral selector was unable to resolve
enantiomers of any class C compounds. Teicoplanin
was the best chiral selector for this set of com-
pounds. The teicoplanin aglycone was able to ap-
proach the results obtained with teicoplanin for three
compounds (C3, C4 and C5) and to match them for
C6 (propanolol, Table 1). All successful chiral
separations were obtained with 40% (v/v) or more of
methanol.

3.6. Class D, chiral sulfoxides

Trivalent sulfur compounds such as sulfoxides
have non-planar geometries and, when asymmetrical-
ly substituted, can be found as stable enantiomers at
room temperature [26]. Traditionally, the sulfoxide
group has been represented in illustrations a®,S
implying the existence of a second bond between the
two atoms. A more modern understanding is that the
S—-0 bond is more ylide-like, i.e., the molecule bears
no overall charge but has a negatively charged
oxygen atom bonded to a positively charged sulfur
atom [27]. The sulfur stereogenic center is pyrami-
dal, with a lone pair occupying the fourth position of
the pseudotetrahedral center. We reviewed in recent
work the LC chiral separations of these compounds

TEA is added to the mobile phase, the enantiomers
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and demonstrated that the Chirobiotic T, TAG and R These results correspond to those obtained with
were very effective in separating sulfoxide enantio- the same columns and hexane—ethanol (90:10, v/v)
mers in the normal-phase mode (hexane—ethanol, or hexane—isopropanol (90:10, v/v) normal mobile
90:10, v/v, mobile phase) [28]. It was then logical to phases [28]. Fig. 3 compares the enantioselectivity

try SFC conditions to separate these compounds with factors obtained with SFC and HPLC (hexane—etha-
the same Chirobiotic CSPs. nol, 90:10, v/v, normal mobile phase) foortthe,

No additive other than methanol in moderate meta and para isomers of the methyl, chloro and
amounts (7 or 15%, v/v) was needed to obtain bromo methyl-phenyl sulfoxides, compounds D2—
significant enantioselectivity. Fig. 1 shows that the D4, D6—-D8 and D9-D11, respectively. The similari-
TAG CSP was the most effective stationary phase ty of the results is striking. The enantioselectivity
for this class of compounds. The Chirobiotic TAG factor on the TAG CSP and teicoplanin CSP shows a
column could separate the enantiomers of 28 sulfox- maximum for all meta isomers, in SFC as well as in
ides (90%) of which 17 sulfoxides (55%) were HPLC in the normal-phase mode. The enantioselec-

baseline separated. The teicoplanin based CSP could tivity factors obtained with HPLC are slightly
separate 25 compounds (80%) and 15 (48%) with (teicoplanin) or significantly (TAG) higher than
baseline return. The Chirobiotic R column could those obtained with SFC (Fig. 3). D27, the only

separate 16 compounds (52%) with only six (20%) compound that was not separated in SFC, was also
at baseline. Compounds D2 and D16 were separated not separated in HPLC with the same three CSPs anc
by the TAG CSP only. Similarly, compounds D17 normal-phase mobile phases. Though, D27 was
and D20 showed enantioresolution with the R CSP baseline separated by the teicoplanin and TAG
only. columns with a methanol—pH 4.1 buffer (20:80, v/v)

1.4 3

2.6
1.3
g 2 /41\ .
) 2.2
I' ~ N

HPLC normal phase - teicoplanin aglycone

enantioselectivity
n

SFC teicoplanin aglycone

ortho meta para ortho meta para

1.25
&
» a ~
£ / v u A o Y
=
£ 1.15 - » . 2
= L] x
AN L
4 ] 1 \ A
21 ’ *
e 1 i x N
2 \ \
° ’ N
' v x
1.05 . . .
'. SFC teicoplanin \_ HPLC normal phase - teicoplanin
1 . - 1 ‘
ortho meta para ortho meta para

Fig. 3. Comparing SFC and HPLC enantioselectivity dotho, meta and para substituted phenyl methyl sulfoxides. Top figures: column
Chirobiotic TAG. Bottom figures: column Chirobiotic T. Left figures: SFC with 7% (v/v) methanol, 100 b&iC,32 ml/min. Right
figures: HPLC with hexane—isopropanol (90:10, v/v),°22 1 ml/min, data from Ref. [25]. The lines are used to show the trend.
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reversed mobile phase [28]. It seems that the chiral
recognition mechanism for the sulfoxides is very
similar with CQO, —methanol mobile phases and nor-
mal-phase hexane—alcohol mobile phases.

The similarities between the HPLC findings and
the SFC results were not absolute. For example, the
ristocetin chiral selector was least effective for
sulfoxide enantioresolution; it is, however, the only

A 978 (2002) 185-204 201
Compound D17 was partially separated by the TAG

CSP only; compounds D18 was partially resolved by
the three CSPs, and compound D20 was partially
separated by the teicoplanin and TAG CSPs, and not

by the ristocetin CSP, an opposite result compared to
SFC.

one that separated the enantiomers of compounds3.7. Class E, N-protected amino acids

D17 and D20 and the most effective selector for
compounds D18 and D19 with SFC mobile phases.
All four compounds are derivatives of phenyl benzyl
sulfoxides. With HPLC normal-phase mobile phases,
compound D19 was the only one that matched the
SFC results. It was partially resolved by the ris-
tocetin CSP only [28]. D17, D18 and D20 were
better resolved by the Chirobiotic T and TAG CSPs.

hn

\UN

MeOH 15%

1 1
2 4

MeOH 15% + 0.1% TFA

N
&—

MeOH 15% + 0.1% TFA + 0.1% TEA

T
4

N—

MeOH 40% + 0.1% TEA

N

2 4

Fig. 4. Effect of additives on the separation of the enantiomers of
DNPur-leucine, E4. Chromatographic conditions: column
Chirobiotic T, 25<0.46 cm I.D., 4 ml/min, 100 bar outlet
pressure, 31C, UV detection at 254 nm. A 0.5-min integration
inhibition was used.

N-Protected amino acids are acidic compounds.
Therefore, they should be separated using conditions
similar to the ones used for class B acidic com-
pounds. It turned out that the 7% (v/v) methanol—
0.5% TFA SFC mobile phase always gave a single
peak in the analyses of the enantiomers of these
compounds. The methanol-rich SFC mobile phases
were much more successful. Most baseline sepa-
rations were obtained with 40 or 60% methanol in
the SFC mobile phases. Addition of 0.1% (v/v) TEA
was often needed to obtain the enantioseparation,
that means the solutes and the stationary phase were
in negatively charged forms.

Fig. 4 illustrates the additive effect with the
Chirobiotic T column and compound E4 (DNPyr-
leucine). Fig. 4A shows that a baseline separation is
obtained with 15% methanol and no other additives.
The peaks are tailing somewhat. The separation is
lost when 0.1% TFA is added (Fig. 4B). Adding
both TEA and TFA (0.1%) partially restores the
enantioseparation (Fig. 4C). Adding only 0.1% TEA
produced an excellent separation but retention times
greater than 25 min (not shown). Increasing the
methanol content to 40% (v/v) decreased the re-
tention times below 4 min as shown by Fig. 4D with
enantioselectivity and resolution factors as high as
2.3 and 5.4, respectively.

The enantiomers of the DNPyr or CBZ derivatives
of alanine (E3 and E17, respectively) were extremely
well separated on all three CSPs without any optimi-
zation. The enantioselectivity factors were higher
than 1.6 and the enantioresolution factors were
higher than 2.5 (Table 1). This is due to the natural
antibiotic property of the three CSPs that bind to the
p-Ala—p-Ala terminal group of the terminal dipep-
tide of the microbial cell wall of Gram bacteria
[29]. The chiral selectors have a high affinity for the
p-Ala amino acid and the-Ala form is much less



202 Y. Liu et al. / J. Chromatogr. A 978 (2002) 185-204

retained. Since the amine group of alanine is deriva- 3.8. Class F, native amino acids
tized, it shows that the carboxylic acid group is

essential in the recognition mechanism [11-15]. It was mentioned in the Introduction that SFC is a
Changing the methyl group attached to the useful substitute to normal-phase chromatography. In
stereogenic center of alanine for other groups this work, polar compounds such as native, un-
produces the other amino acids that are also enan- derivatized amino acids, that require reversed-phase
tiodifferentiated by the CSPs, but somewhat less well polar mobile phases in HPLC, were tested to see if
than alanine (Table 1). they could be enantioresolved by SFC. Two prob-
Fig. 5 compares the separation of E19 (CBZ- lems were encountered: (1) native amino acids
norvaline) in HPLC with a classical methanol-pH lacking an aromatic substituent poorly absorb UV
4.1 buffer (20:80, v/v) and the SFC separation with light making them difficult to detect. Only the 214
40% methanol on both the Chirobiotic T and R nm detector wavelength gave some absorbance. (2)
columns. In all cases, the enantiomers were baseline Following the example of Medvedovici et al., small
separated. The peak shape obtained with the classical amounts of water and/or glycerol can be added to
reversed-phase mobile phases is better than the one the mobile phase to enhance the solubility of polar

obtained with the SFC mobile phases. But the HPLC analytes and to improve peak shape [22].
separations that needed 18 or 13 min on ristocetin or

teicoplanin CSPs, respectively, were performed in

less than 3 min with SFC mobile phases (Fig. 5).

I hpl ~ I
A rrLu
HPLC ll
| |
0 4 8min 0 2 4 6 min
Ristocetin A Teicoplanin
| I [ I | I | [ I |
0 10 20 min 0 5 10 15 min
Ristocetin A Teicoplanin mAU‘ SFC

<

[l

in

mAU SFC b '
X
100 20
100
0 0 : i T
E—— T r v T T T Ristocetin A Teicoplanin
0 2 min 0 2 m

Fig. 6. Comparison of HPLC and SFC enantiomer separations of

Ristocetin A Teicoplanin X R L L
phenylalanine (F7) on Chirobiotic R (left) and Chirobiotic T
Fig. 5. Comparison of HPLC and SFC enantiomer separations of (right) columns. HPLC and ristocetin: water—methanol (50:50,
CBZ-norvaline (E19) on Chirobiotic R (left) and Chirobiotic T v/v) mobile phase, HPLC and teicoplanin: water—ethanol (50:50,
(right) columns. HPLC: pH 4 buffer—-methanol (80:20, v/v) v/v) mobile phase, 1 ml/min, room temperature, UV detection at
mobile phase, 1 ml/min, room temperature, UV detection at 254 254 nm. SFC:, CO —methanol-water—glycerol-TEA-TFA
nm. SFC: CQ —methanol-TEA (60:39.96:0.04, v/v) mobile (50:48.75:1:0.15:0.05:0.05, v/v) mobile phase, 4 ml/f@n, 31

phase, 4 ml/min, 31C, 100 bar, UV detection at 254 nm. 100 bar, UV detection at 254 nm.
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Table 2
Elution order of the compounds eluted by SFC on the three CSPs
Compound Teicoplanfn TAG Ristocefin
Al, 4-benzyl-2-ox. R), (S) R), (5 No separation
A2, 5,5-dimethyl-4-phenyl-2-ox. R), (S) R), (S R), (S
A3, 4-benzyl-5,5-dimethyl-2-ox. R), (S) R), (S R), (S
A4, 4-diphenylmethyl-2-ox. R), (S R), (5 R), (5

A5, cis-4,5-diphenyl-2-ox.

A6, 4-methyl-5-phenyl-2-ox.
A7, 1,5-dimethyl-4-phenyl-2-im.
A9, 4-hydroxy-2-pyrrolidone
C6, propranolol

D compoundy

E compound$

F compound$

(85R), (4R,5S)
@5R), (4R,55)
[R5S), (4S5R)
R
. R®
PR
). (R) or (., 0)
9. R) or (., p)

(4R59), (4S5R)
(4S5R), (4R,5S)
(4R/5S), (4S5R)
S, R
R), (5
S, R
(S, R)or (., p)
(S). (R) or (L, o)

(4S5R), (4R,5S)
(4S5R), (4R,59)
No separation
). R

), R

R), (5

(S). (R) or (L, p)
(S), R) or (t, o)

® ox.=Oxazolidinone, im=imidazolidinone.
® For the separated enantiomers.
¢ Circular dichroism measurements.

All 24 underivatized amino acids were enan-
tioseparated almost always to baseline by the three
macrocyclic glycopeptide CSPs with mobile phase
containing more than 47.5% (v/v) methanol, 2% or
more water, 0.1% or more TEA, 0.1% or more TFA
and 0.3% glycerol. Fig. 6 shows the separation of F7
(phenylalanine) on the Chirobiotic T and R columns,
comparing the SFC and classical reversed-phase
mobile phases. It can be seen that the reversed-phase
HPLC separation of phenylalanine is as good or even
better that the corresponding separation by SFC. The
retention time is slightly lower with SFC but the
peak shape is significantly poorer as well.

3.9. Elution order

inversion of the elution order with the TAG column
compared to the T and R columns (Table 2). The
sulfoxide compounds (class D) are exceptions. All
chiral sulfoxides showed Spé+( as the first
eluting enantiomer on the teicoplanin and TAG
columns. Rjx¢~) sulfoxide enantiomer was first
eluted with the ristocetin A column. The high affinity
of the natural chiral selectordfdotire(R) of the
amino acids makes this enantiomer always more
retained thanaheno acid § form).

4, Conclusion

The separation time factor is the greatest advan-

tage of the SFC mobile phases. As can be seen in

It is often of great interest to know the enantio-
meric elution order of chiral separations. A change in
the elution order of some compounds was observed
with the same mobile phase when changing the
chiral selector [30]. Pure enantiomers are needed to
identify the compounds and determine the elution
order. It was not possible to have such pure enantio-
mers for all 111 compounds. Table 2 lists the
compounds for which the elution order could be
determined.

In most cases, the same elution order was obtained
with the three CSPs. For the compounds that were
tested for elution order, only A5 and C6 showed

Table 1, all separations done with subcritical mobile
phases were performed in less than 15 min, 70% of
the separations being done in less than 4 min. The
peak shape is not as symmetrical as that obtained in
the corresponding HPLC separations. It should also
be pointed out that the column equilibrate much
faster with CO containing mobile phases than in
normal-phase HPLC. This work also showed that the
macrocyclic based CSPs are able to separate enantio-

mers of widely different compounds with various
functionalities and polarities. The teicoplanin agly-
cone and teicoplanin CSPs seem to be the most
effective stationary phase with SFC mobile phases.
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