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The preparative chromatographic resolution of racemates has become a standard approach for the genera-
tion of enantiomers in pharmaceutical discovery laboratories. This paper will discuss the use of preparative
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HPLC and SFC to generate individual enantiomers for discovery activities. Analytical HPLC and SFC method
development to rapidly screen chiral stationary phases and solvent combinations will be presented. The
usefulness of preparative chromatographic resolution of racemates will be demonstrated through the
presentation of numerous non-routine case studies from the laboratories at Amgen.

© 2008 Elsevier B.V. All rights reserved.

s
t
t
o
r
r
t
t
i
t
c
e
[

p
fl
c
o
C

hiral stationary phase

. Introduction

The necessity to generate individual enantiomers for testing is
growing priority in pharmaceutical research and discovery. There
re two approaches to obtaining enantiomerically pure chemicals.
hese are (1) asymmetric synthesis of the desired enantiomer and
2) resolution of a racemic mixture into individual enantiomers.
t a discovery stage where a very diverse set of molecules is
ade at small quantities, and where most compounds are only
ade once, asymmetric synthesis is not time or cost efficient. In

ddition, often both enantiomers are needed for biological test-
ng, which would require two synthetic routes to be developed.
esolution of a racemic mixture has the advantage of produc-

ng both enantiomers, essential for testing. Resolution methods
nclude recrystallization, enzymatic resolution, indirect chromato-
raphic resolution and direct chromatographic resolution. The time
equired to develop a recrystallization method or an enzymatic res-
lution can also make this an inefficient approach for the generation
f small quantities of enantiomers. Indirect chromatographic res-

lution, involving derivatization of the enantiomers to form a pair
f diastereomers, followed by separation on an achiral stationary
hase is useful for the generation of individual enantiomers [1].
hile the separation of diastereomers is usually easier than the

� This paper is part of the Special Issue ‘Enantioseparations’, dedicated to W.
indner, edited by B. Chankvetadze and E. Francotte.
∗ Corresponding author.

E-mail address: millerl@amgen.com (L. Miller).
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eparation of enantiomers, and has the advantage of being easier
o scale-up, there are limitations to this approach. First, high enan-
iomeric purity of the derivatizing agent is essential. Also, removal
f the derivative after chromatographic separation should not cause
acemization of the desired enantiomer. Finally the use of indi-
ect chromatographic separation adds two steps to the synthesis,
he reaction to form the derivatives prior to chromatography and
he reaction to remove the derivatives after chromatography. This
s especially time consuming in a discovery environment where
he number of compounds being synthesized is large. The use of
hromatographic resolution has become the quickest, most cost
ffective approach for enantiomer generation at the discovery stage
2–5].

Chromatographic resolution via HPLC has been utilized for the
ast 20 years [6–8]. Over the past 5 years the use of supercritical
uid chromatography (SFC) has gained greater acceptance as a fast,
ost effective approach to resolution [9–15]. With SFC a majority
f the solvent in the mobile phase, usually 60+% is supercritical
O2. The low viscosity and high diffusivity of the SFC mobile phase
llow higher flow rates relative to HPLC, resulting in shorter run
imes and increased efficiencies. A major advantage of preparative
FC vs. preparative HPLC is the lower solvent usage and the higher
roduct concentrations post chromatography, reducing the time
equired for solvent removal and enantiomer isolation.
Polysaccharide based chiral stationary phases have been utilized
or over 20 years for the analytical and preparative resolution of
acemates. While these phases have proved extremely useful, they
ave severe solvent restrictions due to the derivatized cellulose
r amylose being only adsorbed onto the silica gel. Contact with

http://www.sciencedirect.com/science/journal/15700232
mailto:millerl@amgen.com
dx.doi.org/10.1016/j.jchromb.2008.06.044
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ertain solvents can result in dissolution of the cellulose/amylose
nd loss of resolution and/or column destruction. Over the past
years a series of immobilized cellulose/amylose chiral stationary
hases (Chiralpak IA, IB, and IC) have been introduced. These phases
ave no solvent restrictions and have proven useful where solvents
ther than traditional solvents used for chiral separations (alkanes,
lcohols, and acetonitrile) are required for resolution [16].

Typical detectors used for chromatographic resolution of enan-
iomers include UV and/or chiral detectors [17]. Recently the use of

ass spectrometric (MS) with SFC has increased in the pharmaceu-
ical industry [18–23]. MS detection has been utilized to accurately
dentify enantiomers in plasma [24–25] as well as during method
evelopment to allow sample pooling [26].

While multiple papers have been written on the use of prepar-
tive HPLC/SFC for chromatographic resolution, this paper will
iscuss some less straightforward and non-routine separations
ncountered in our laboratories. Several examples of chiral sepa-
ations using HPLC and SFC will be discussed in this paper. Due to
he small quantities of racemates to be resolved (usually less than
g) as well as the need to rapidly turn around these separations,

hese separations were not fully optimized.

. Experimental

.1. Racemates

The racemates separated are proprietary pharmaceutical com-
ounds belonging to and synthesized at Amgen (Cambridge, MA,
SA). While no information regarding the structure of the com-
ounds being separated is presented, the approach for separation
iscussed in this paper is generic and applicable for the separation
f many small (<700 ama) molecular weight racemates.

.2. Mobile phase and chiral stationary phase (CSP)

The mobile phases used in all case studies were varied, reagent
rade or better and obtained from a variety of sources. The chiral
tationary phases were obtained as 5 or 10 �m particle size pre-
acked columns from Chiral Technologies (West Chester, PA, USA).
.3. HPLC equipment

The analytical chromatograph consisted of an Agilent 1100 sys-
em modified with multiple column switching and mobile phase

l
a
w
o
d

able 1
PLC and SFC method development conditions

HPLC conditions

olumn dimensions (mm) 4.6 × 50

hiral stationary phases Chiralpak AD-H
Chiralpak AS-H
Chiralcel OD-H
Chiralcel OJ-H

low rate (ml/min) 2.0

o-solvents Isopropanol*

Ethanol*

radient conditions 5% for 0.5 min
5–55% over 1.5 m
55% for 0.75 min

emperature Ambient
un time 3.5 min

* w/heptane.
** w/CO2.
r. B 875 (2008) 230–236 231

witching valves to facilitate method development. The prepara-
ive HPLC chromatograph was a Varian SD-1 system (Wakefield, RI,
SA).

.4. Supercritical fluid chromatography (SFC) equipment

The analytical SFC chromatograph was a SFC method develop-
ent station sold by Thar (Pittsburgh, PA, USA) equipped with a
aters ZQ mass spectrometer (Milford, MA, USA). The preparative

FC chromatograph was a SFC Prep 80 from Thar (Pittsburgh, PA,
SA).

.5. Analytical method development

During the discovery phase of pharmaceutical R&D, hundreds
f compounds are being synthesized to find a molecule with the
esired pharmacological properties. As the chemical requirements
or initial discovery testing are small (often <50 mg) and the quan-
ity of different molecules is large, an approach for analytical

ethod development must be utilized that is both time and com-
ound efficient. The initial CSP and mobile phase evaluation is not
esigned to give complete resolution, but to quickly differentiate
etween conditions which afford separation and those that do not.

n addition, the evaluation must work for a range of compounds of
arying polarities. The approach utilized at Amgen’s Cambridge, MA
ite utilizes short columns (50 mm for HPLC, 100 mm for SFC) with
ast flow rates and steep gradients for this initial evaluation. Con-
itions for HPLC and SFC method development are summarized in
able 1. For HPLC a total of eight experiments are performed in less
han 80 min. For SFC a total of twelve experiments are completed
n approximately 80 min. Evaluation of results from the gradient
nalyses is used to identify the best CSP/mobile phase. Isocratic
onditions are then quickly developed at the analytical scale prior
o preparative work. As preparative SFC has been shown to be more
ime and cost efficient than preparative HPLC, only SFC method
evelopment is explored for samples less than 1 g. Only if sample
ize is greater than 1 g, and/or resolution is insufficient HPLC ana-
ytical method development is also explored. For the preparative
urifications longer (25 cm) columns are used relative to column
engths (5 or 10 cm) used for analytical method development. To
void excessively long run times on the longer preparative columns
e strive for low retention times when developing isocratic meth-

ds for scale-up. For SFC a retention time of less than 2 min is
esired. This translates to a preparative retention time of less than

SFC conditions

4.6 × 100

Chiralpak AD-H
Chiralpak AS-H
Chiralcel OD-H
Chiralcel OJ-H

5.0

Methanol w/0.2% diethylamine**

Isopropanol w/0.2% diethylamine**

Ethanol w/0.2% diethylamine**

5–55% over 3.5 min
in 55% for 1 min

40 C
4.5 min
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min. Due to the lower linear velocity in HPLC, a retention time of
ess than 5 min for the isocratic analytical method is desirable. This
ranslates to a preparative run time of less than 12 min.

. Results and discussion

.1. Case I: SFC method development utilizing MS detection

The incorporation of a MS detector into analytical SFC equip-
ent is a useful addition. A MS detector is routinely utilized for

FC method development at Amgen. 1.1 g of material (Racemate
) was submitted for resolution. This compound, which contained
wo chiral centers was synthesized at a contract facility. The purity
f one chiral center was set through purchase of enantiomerically
ure starting material. The other starting material was racemic,
enerating a product containing two diastereomers. Reverse phase
C/MS showed two closely eluting peaks with the same mass.
his sample was analyzed using the SFC method development
creen described in Table 1. Evaluation of results on the Chiral-
ak AD-H using methanol/diethylamine co-solvent showed four
eaks (Fig. 1a). The extracted ion trace for mass-to-charge 444 Da

s shown in Fig. 1b. All four of these peaks had the same predomi-
ant ion signal. It appeared that racemization had occurred during
he synthesis. Analytical SFC exhibited good separation of the first
wo peaks, while the last two peaks did not show adequate separa-

ion. The preparative separation is shown in Fig. 2. This separation
esolved the first two peaks cleanly. An analytical method that sep-
rated the two late eluting peaks was developed (Fig. 3) and scaled
o preparative loadings to afford the final two peaks. The two SFC
urifications generated 195, 126, 174 and 113 mg, each with ee >98%.

ig. 1. Analytical SFC separation of Racemate 1. Analysis conducted on Chiralpak
D-H (100 mm × 4.6 mm I.D.), 90:10 CO2–methanol (w/0.2% diethylamine), 40 C,
20 bar, 5 ml/min. (a) UV detection, (b) extracted mass of 444.
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ig. 2. Preparative SFC separation of Racemate 1. The purification was conducted on
hiralpak AD-H (250 mm × 20 mm I.D.) with a mobile phase of 85:15 CO2–methanol
w/0.2% diethylamine), 40 C, 100 bar. A flow rate of 85 ml/min and a loading of 15 mg
ere used.

.2. Case II: processing of low solubility racemate, example 1

Development of an analytical chiral method requires identifica-
ion of a suitable chiral stationary phase (CSP) and mobile phase.

hile chiral discrimination is required for purification, good race-
ate solubility (ideally greater than 20 mg/ml) is also necessary

or a successful preparative resolution. Utilizing traditional amy-
ose and cellulose CSP, solubility in methanol, ethanol, acetonitrile
r isopropanol is required. The recent introduction of immobilized
SP (Chiralpak IA, IB and IC) has increased the range of solvents
hat can be utilized as mobile phases (and dissolution solvents) in
nalytical and preparative separations.

A total of 2.5 g of material (Racemate 2) was submitted for
esolution. The racemate was impure, containing a 1:1:2 mixture
f product:regioisomer:unknown impurity as well as other lower
evel impurities. As each of these compounds had a chiral center, six
eaks may be seen when analyzed using a chiral stationary phase.
s this would lead to a complicated chromatogram, it was decided

o remove the regioisomer and the impurity prior to resolution
f the product enantiomers. Initial attempts using normal phase
hromatography were unsuccessful. Reverse phase chromatogra-
hy was successful in removing the impurity, but did not remove
he regioisomer. The product/regioisomer mixture (822 mg) was

ubjected to polar organic chiral HPLC method development. The
esults are shown in Table 2. Separation of the product and regioiso-
er enantiomers was observed with Chiralpak AD and a methanol
obile phase (Fig. 4). While this method gave adequate analytical

ig. 3. Analytical SFC separation of peaks 3 and 4 of Racemate 1. Analysis con-
ucted on Chiralcel OD-H (100 mm × 4.6 mm I.D.), 90:10 CO2–methanol (w/0.2%
iethylamine), 40 C, 120 bar, 5 ml/min.
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Table 2
HPLC results for Racemate 2

CSP Mobile phase Regioisomer Regioisomer Product Product
Peak 1 tr Peak 2 tr Peak 1 tr Peak 2 tr

Chiralpak AD-H Methanol 6.94 6.94 9.56 12.89
Chiralpak AS-H Methanol No separation, all peaks eluted in less than 5 min
Chiralcel OD-H Methanol No separation, all peaks eluted in less than 5 min
Chiralcel OJ-H Methanol No separation, all peaks eluted in less than 7 min
Chiralpak IA Methanol 8.11 8.11 10.32 12.32
Chiralpak AD-H Ethanol 6.63 7.07 8.41 9.33
Chiralpak AS-H Ethanol No separation, all peaks eluted in less than 5 min
Chiralcel OD-H Ethanol No separation, all peaks eluted in less than 5 min
Chiralcel OJ-H Ethanol No separation, all peaks eluted in less than 5 min
C 7.84 9.23 9.93
C l peaks eluted in less than 5 min
C l peaks eluted in less than 5 min
C l peaks eluted in less than 5 min
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hiralpak IA Ethanol 7.84
hiralpak AD-H Acetonitrile No separation, al
hiralpak AS Acetonitrile No separation, al
hiralpak IA Acetonitrile No separation, al

eparation it was soon determined that this approach was not
uitable for preparative work due to poor solubility in methanol
<1 mg/ml).

The sample was soluble in dichloromethane, ethyl acetate,
ethyl t-butyl ether or tetrahydrofuran (THF). These solvents were

sed as starting points for chiral method development using Chi-
alpak IA (immobilized version of Chiralpak AD). The method
evelopment results are summarized in Table 3. The best separa-
ion was observed with 30/70 (v/v) THF/heptane. The analytical
eparation shown in Fig. 5 was scaled to preparative loadings. The
ample was dissolved in THF at a concentration of 134 mg/ml. Final
urification conditions separated ∼34 mg of sample/injection. The
reparative chromatogram is shown in Fig. 6. 822 mg of sample was
rocessed using these conditions to generate 170 mg of enantiomer
and 166 mg of enantiomer 2, both with ee >98.6%. The recoveries
ere low due to the presence of the regioisomer impurity in the

riginal sample.

.3. Case III: processing of low solubility racemate, example 2

A total of 450 mg of material (Racemate 3) was submitted for res-
lution. Chiral screening using HPLC and SFC was performed. The
esults are summarized in Table 4. The best separation was obtained

n 40/60 (v/v) ethanol/heptane on Chiralcel OD-H. The analytical
eparation is shown in Fig. 7. For the preparative separation dissolu-
ion in ethanol was attempted, but solubility was poor (<1 mg/ml).
fter discussion with the submitter, it was determined that the

ig. 4. Analytical HPLC separation of Racemate 2. Analysis conducted on Chiralpak
D-H (150 mm × 4.6 mm I.D.), mobile phase of methanol and a flow rate of 1 ml/min.
eak at ∼7 min contains both regioisomer enantiomers, peaks at 9.7 and 12.9 min
re the product enantiomers and peaks at 17.7 and 20.14 min are the impurity enan-
iomers.
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ig. 5. Analytical HPLC separation of Racemate 2. Analysis conducted on Chiralpak
A (150 mm × 4.6 mm), mobile phase of 30/70 (v/v) THF/heptane and a flow rate
f 1 ml/min. Peaks at 10.7 and 14 min are product enantiomers, Peaks at 15.9 and
1 min are regioisomer enantiomers.

acemate was soluble only in tetrahydrofuran (THF). Chiralpak IB is
he immobilized version of Chiralcel OD and thus was utilized for
nalytical method development. A method was developed using
hiralpak IB and a mobile phase of 25/75 (v/v) ethanol/heptane.
ften satisfactory purification results are obtained when the sol-
ent used for sample dissolution and injection is different than the
obile phase. This approach was attempted using THF as the dis-

olution solvent and ethanol/heptane as the mobile phase. Poor

hromatographic performance was obtained and this approach was
bandoned. Additional method development using non-traditional
olvents was performed with a Chiralpak IB column. Acceptable
onditions were developed using a mobile phase of 5/95 (v/v)

ig. 6. Preparative HPLC separation of Racemate 2. The purification was conducted
n Chiralpak IA (250 mm × 20 mm I.D.) with a mobile phase of 30/70 THF/heptane
nd a flow rate of 40 ml/min. 34 mg of material was injected.
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Table 3
HPLC Results for Racemate 2

CSP Mobile phase Regioisomer Regioisomer Product Product
Peak 1 tr Peak 2 tr Peak 1 tr Peak 2 tr

Chiralpak IA 50/50 (v/v) dichloromethane/heptane 15.07
Chiralpak IA 30/70 (v/v) tetrahydrofuran/heptane 15.93
Chiralpak IA 50/50 (v/v) methyl tert-butyl ether 4.64
Chiralpak IA 50/50 (v/v) ethyl acetate/heptane 6.40

Table 4
SFC results for Racemate 3

CSPa Co-solventb t1
r t2

r

Chiralpak AD-H Isopropanol 6.05 6.28
Chiralpak AS-H Isopropanol 5.16 5.16
Chiralcel OD-H Isopropanol 7.13 7.13
Chiralcel OJ-H Isopropanol 4.13 4.13
Chiralpak IA Isopropanol 5.82 6.04
Chiralpak AS-H Ethanol 3.68 3.68
Chiralcel OD-H Ethanol 4.87 5.82
Chiralcel OJ-H Ethanol 6.99 6.99
Chiralpak IA Ethanol 5.40 5.40
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a Column dimensions: 4.6 mm × 150 mm.
b Flow rate: 1 ml/min, gradient conditions: hold at 5% for 1 min, 5–40% over

4 min.

HF/methyl t-butyl ether (Fig. 8). The sample was processed using

0 mg injections on a 10 mm × 250 mm column (Fig. 9). These
urification conditions generated material with ee >96%. Additional
chiral impurities were present in the resolved enantiomers and
ere removed using reverse phase preparative HPLC.

ig. 7. Analytical HPLC separation of Racemate 3. Analysis conducted on Chiralcel
D (150 mm × 4.6 mm I.D.), mobile phase of 40/60 (v/v) ethanol/heptane and a flow

ate of 1 ml/min.

ig. 8. Analytical HPLC separation of Racemate 3. Analysis conducted on Chiralpak
B (250 mm × 4.6 mm I.D.), mobile phase of 5/95 (v/v) THF/heptane and a flow rate
f 2 ml/min. Peak at 0.2 min is from previous injection.
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16.40 15.64 17.04
21.05 10.75 14.12
4.82 5.10 5.28
6.40 6.29 6.92

.4. Case IV: utilization of immobilized chiral stationary phase
CSP)

While the screening protocol described in Table 1 is often
uccessful (∼95% of in house requests) in identifying acceptable
onditions for purification of discovery scale quantities, there are
nstances where the standard approach does not yield satisfactory
esults. 1.2 g of material (Racemate 4) was submitted for resolu-
ion. The submitter provided HPLC conditions that were used at
nother laboratory to resolve this compound (Chiralcel OJ with
5/85 ethanol (0.1% DEA)/heptane). When these analytical condi-
ions were explored in our laboratory, broad peaks were obtained.
sing these conditions with small injection quantities with peak

having and/or recycle conditions, material of sufficient purity
ould have been obtained. As greater than 1 g of material needed
o be resolved, additional method development was performed.
he SFC screen described in Table 1 gave no hits. Acetonitrile was
lso investigated as a co-solvent, but was not successful. A new
SP (Chiralpak IC) had recently been introduced to the market-
lace and was evaluated for this racemate. An SFC method utilizing
ethanol w/0.2% diethylamine as a co-solvent gave good sepa-

ation of the enantiomers while also resolving numerous achiral
mpurities (Fig. 10). This method was scaled up to preparative
oadings (Fig. 11). Using these conditions approximately 600 mg of
nantiomer 1 with an ee of >98% and 575 mg of enantiomer 2 with
n ee of >99% were recovered.

.5. Case V: sample precipitation during injection

A total of 4.3 g of material (Racemate 5) was submitted for reso-
ution. The structure contained two chiral centers and existed as
wo trans isomers. HPLC method development using conditions
n Table 1 showed late elution, necessitating the evaluation of

olar organic mode. The results of this work are summarized in
able 5. The best separation was obtained on Chiralpak AD-H with
n ethanol mobile phase. These conditions were used for purifica-
ion.

ig. 9. Preparative HPLC separation of Racemate 3. The purification was con-
ucted on Chiralpak IB (250 mm × 10 mm I.D.) with a mobile phase of 5/95 (v/v)
HF/heptane and a flow rate of 10 ml/min.
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ig. 10. Analytical SFC separation of Racemate 4. Analysis conducted on Chiralpak IC
100 mm × 4.6 mm I.D.), 65:35 CO2–methanol (w/0.2% diethylamine), 40 C, 120 bar,
ml/min.

The enantiomer separation for this compound was large
˛ = 2.83) which should result in a large loading capacity. Ini-
ial loading studies were performed with 5 ml injection volumes
∼220 mg sample) via injection pump. The separation at this
oad was satisfactory and still larger injection volumes were
xplored. While resolution was sufficient at 7 ml injection volumes
∼300 mg), larger amounts of racemate could be applied to the
olumn before touching bands were observed. At the end of the

njection cycle high column back pressure (>1500 psi) occurred,
esulting in system shutdown. While the racemate had high sol-
bility in ethanol (>40 mg/ml), upon introduction to the column
here was an unknown interaction between the compound and
he CSP/mobile phase that resulted in high pressure. Interestingly,

ig. 11. Preparative SFC separation of Racemate 4. The purification was conducted on
hiralpak IC-H (250 mm × 20 mm I.D.) with a mobile phase of 55:45 CO2–methanol
w/0.2% diethylamine), 40 C, 100 bar. A flow rate of 70 ml/min and a loading of 18 mg
ere used.

able 5
FC results for Racemate 5

SPa Mobile phase k′
1

a k′
2

b ˛

hiralpak AD-H Ethanol 1.06 3.0 2.83
hiralpak AS-H Ethanol 1.07 2.05 1.92
hiralcel OD-H Ethanol 1.01 2.23 2.21
hiralcel OJ-H Ethanol 3.08 3.08 1.00
hiralpak AD-H Acetonitrile 0.88 0.88 1.00
hiralpak AS-H Acetonitrile 1.22 1.69 1.39
hiralpak AD-H Methanol 1.02 2.26 2.22
hiralcel OD-H Methanol 1.25 2.41 1.93

a Capacity factor for first eluting enantiomer.
b Capacity factor for second eluting enantiomer.

w
p
t
c
e
w

4

p
m
p
u
t
o
t
o
r
b
s

A

V
i

R

ig. 12. Preparative HPLC separation of Racemate 5. The purification was conducted
n Chiralpak AD (250 mm × 30 mm I.D.) with a mobile phase of ethanol and a flow
ate of 25 ml/min.

fter a few seconds the pressure dropped to normal (∼1000 psi),
llowing the purification to proceed. If larger quantities of race-
ate had to be resolved, alternate purification conditions would

ave been explored. As the quantity of racemate to be processed
as small (<5 g) it was not necessary to explore an alternate purifi-

ation process. In addition, the small quantity of racemate and the
eed to process the material quickly did not allow investigation of
he cause of the pressure spike. To process the racemate, a 15 s hold
ith no flow was programmed immediately after the injection. The
roduct was then eluted at normal flow rates. The remainder of
he sample was processed using these conditions. The preparative
hromatogram is shown in Fig. 12. From this purification 1.77 g of
nantiomer 1 (ee = 100%) and 1.72 g of enantiomer 2 (ee = 99.2%)
ere generated.

. Conclusions

Preparative resolution of enantiomers using HPLC and SFC is a
owerful technique for rapid generation of enantiomers in phar-
aceutical discovery. The use of SFC for analytical (SFC/MS) and

reparative resolution of racemates has been shown to be partic-
larly useful, reducing time requirements nearly two-fold relative
o HPLC. While the broad applicability of CSP allows the majority
f racemates to be purified routinely, there are some racemates
hat do not scale-up as expected due to low solubility, poor loading
r other unknown reasons. The introduction of immobilized chi-
al stationary phases enables separation of racemates that would
e very time consuming and/or impossible due to poor compound
olubility.
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